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General introduction
1. Introduction
Orthodontic therapy aims at the correction of dental irregularities and 
disharmony in jaw relations. It utilizes the potential of the periodontal ligament 
and the alveolar bone to adapt to changing mechanical circumstances by 
tissue remodelling. By these adaptations teeth can be moved through the 
alveolar bone and also distant skeletal locations can be affected. By these two 
mechanisms a stable occlusion and a proper jaw relation can be established. 
The basis for this approach is an interplay between applied forces and bone 
deposition, bone resorption, and periodontal ligament remodeling (Proffit and 
Fields, 2001).
In the past a lot of biological research has been performed to elucidate 
the way the mechanical input (the orthodontic force) is translated into a 
biological output (remodeling of the tissues). Two major theories of 
orthodontic tooth movement have been recognized. The bioelectric theory 
relates tooth movement at least in part to changes in bone metabolism 
controlled by electric potentials, which are generated by means of piezo­
electric phenomena in the mineral phase of the bone, when the alveolar bone 
flexes or bends (Zengo et al., 1973). The pressure-tension theory initially tried 
to relate the effects of pressure and tension on bone and cells both to piezo- 
electic effects and the activation of the cyclic-AMP-Adenyl-Cyclase system 
that could act as a secondary messenger to upregulate intra-cellular metabolic 
pathways (Davidovitch, 1979). More recently the importance of piezoelasticity 
has been questioned (McDonald, 1993), and the focus has been shifted from 
pressure and tension to strain. Deformation of cell membranes and 
concomitant deformation of trans-membrane protein, like integrin,s appear to 
be able to trigger the expression of cytokines and/or growth factors (Sandy, 
1993; Cavalho et al., 1996; Binderman et al., 2002).
The magnitude of force has received significant attention in 
orthodontics without full consideration that it is important only as a means to 
provoke either electrical potentials, stresses, or strains, which are all related to 
other characteristics of the system such as morphology, surface area of the 
roots, and biomechanical properties of the periodontal ligament (Isaacson et 
al., 1993). The forces, which are applied to the crowns of the teeth, are 
distributed over the entire supporting structure and so are the stresses and 
strains. From a cellular point of view, distribution of stress (force per unit area) 
and shear stress or strain (relative distortion) over the periodontal ligament, 
the teeth and the alveolar bone are critical factors, and the remodeling 
response is directly related to stress and strain levels within the periodontium
3
Chapter 1
(Middleton et al., 1996; Melsen, 1999). The orthodontic force as an extrinsic 
mechanical stimulus thus evokes a biologic cellular response that aims at the 
restoration of the equilibrium by remodeling of the periodontal supporting 
tissues (Robert et al., 1981; Yoshikawa, 1981).
Most orthodontic textbooks (Graber and Vanarsdall, 2000; Proffit and 
Fields, 2001) describe the course of events from the first few seconds up to a 
few weeks after application of orthodontic force, contrasting the effect of 
heavy versus light forces. It is often stated that heavy forces lead to 
hypoxemia and a rapid increased production of cytokines such as 
prostaglandins which subsequently lead to pain, necrosis of cellular elements 
within the periodontal ligament, and to undermining resorption of alveolar 
bone near the manipulated tooth. Light forces, on the other hand, are 
supposed to be compatible with survival of cells within the periodontal 
ligament and remodeling of the tooth socket by relatively painless frontal 
resorption of the bone in the tooth socket.
Orthodontic literature and textbooks are generally in favor of light forces. 
However, the definition of light and heavy forces is not clear, and heavy forces 
are still arbitrarily used, not only in animal experiments and human studies, 
but also in daily clinical practice. It appears that amongst experienced 
clinicians, no consensus exists regarding optimal forces to be used in a 
certain clinical situation. Furthermore they seldom calibrate the forces they 
use, and they are not able to reproduce springs that deliver the desired force 
(Kurol et al., 1996).
This leads to the following conclusions: 1.from literature no evidence- 
based force level can be recommended for the optimal efficiency in clinical 
orthodontics; 2. there is no universal consensus amongst clinicians regarding 
optimal force magnitudes in defined clinical circumstances; 3. clinicians are 
unable to reproduce appliances that deliver the desired force magnitudes.
2. Knowledge bypass & technology bypass
In the ideal situation, new scientific knowledge and new technological 
developments are based on sound research and a thorough evaluation in a 
variety of appropriate model systems. If the results are promising for clinical 
application, a phase of well designed clinical trials is often indicated before 
filtering the knowledge or the technology to daily orthodontic practice. The 
reality, however, is that this process is often bypassed in two ways that could 
be called technology bypass and knowledge bypass (Richards, 2000).
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Technology bypass happens when new technological developments 
are rapidly taken up by practitioners without proper testing of their 
effectiveness and efficiency. In the last decades technical developments 
overshadowed our biological roots. A good example of this type of bypass is 
the implementation of distraction osteogenesis in clinical orthodontic situations. 
So far, the dissemination of craniofacial distraction osteogenesis into daily 
orthodontic-surgical practice has followed a pattern that is usually seen in the 
medical field when a new therapy is born. Nearly all publications concern 
retrospective short-term evaluations of small numbers of cases taken from 
heterogeneous patient populations without any control (Swennen et al., 2001). 
Because of this, and because of publication bias, distraction osteogenesis of 
the craniofacial skeleton cannot yet be considered as evidence based care, 
and there is still a great need for well-designed prospective randomized 
clinical trials with a long follow-up period.
Knowledge bypass means that new knowledge has become available 
but, for one reason or another, it is never applied in daily clinical practice. In 
orthodontics, this happens especially when new knowledge arises from basic 
sciences as, for example, in the case of new research findings on the relation 
between force magnitude and rate of orthodontic tooth movement. Series of 
experiments in a Beagle dog model have shown that no linear dose-response 
relation exists between orthodontic force and rate of tooth movement. In the 
lower force range a dose-response relation might exist, but if so, it is limited to 
very small forces. This means that the use of very small forces should be 
advocated in daily clinical orthodontics (Kuijpers-Jagtman, 2002).
An example in which both types of bypass play a role is the 
development of superelastic wires which are claimed to deliver a very wide 
range of predefined constant continuous forces. Clinicians assume that these 
wires indeed produce continuous forces of an optimal magnitude for tooth 
movement, without scientific evidence (technology bypass) (Bourauel et al., 
1997). On the other hand, laboratory research on material properties of 
commercially available superelastic wires has shown that only few of these 
wires indeed show superelastic properties (Melsen et al., 1994; Segner and 
Ibe, 1995; Nakano et al., 1999). Furthermore, the optimal force magnitude in 
clinical situations is still unknown and probably will differ from case to case; 
and finally, a huge amount of data has become available in the literature on 
biological response of connective tissue cells to mechanical deformation. 
Combining the knowledge from these sources, it is tempting to conclude that 
the superelastic wires presently available on the market are not compliant with
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the optimal force level. This scientific knowledge, however, does not lead to a 
restriction of the use of these wires in clinical practice (knowledge bypass).
3. Orthodontics mainly experience based not evidence 
based
Evidence Based Medicine is the conscientious, explicit, and judicious use of 
current best evidence in making decisions about the care of individuals 
patients (Sackett, 1998). Although the idea on evidence based medicine and 
dentistry has been established for more than a decade, clinicians still base 
their treatment decisions often on the experience of their peers, or the 
conviction of their teachers.
According to the levels of evidence given by the Centre for Evidence 
Based Medicine in Oxford (2001), the highest level of evidence is the meta- 
analytic review of randomized controlled clinical trials (RCT’s) with 
homogeneity. By performing a meta-analysis the results from separate but 
similar studies are combined to provide an overall quantitative summary of the 
effect of interest. It therefore offers the advantage of increased power and 
increased precision of its estimates (Petrie et al., 2003). A Medline search 
(March 2003) resulted in only six meta-analyses in orthodontic field in the past 
30 years and the Cochrane database of systematic reviews indicates only one 
single complete review in the orthodontic field up to now (Harrison and Ashby, 
2003).
Evidence from an individual RCT (with narrow confidence interval) is 
the second highest level and has been considered to be the gold standard in 
clinical research. Unfortunately over the last 30 years only 81 RCT’s on 
clinical orthodontic topics could be identified in a PubMed search (by Clinical 
Queries Using Research Methodology Filters, performed in March 2003), 
while more than 22,200 articles on these topics were published during that 
period. The topics of these 81 RCT’s are listed in Table 1.
These RCTs provide us very limited knowledge on the efficiency of 
orthodontic tooth movement. It has to be admitted that most orthodontic 
research data represent a low level of evidence. Especially case series, case 
reports and expert opinions without explicit critical appraisal are still often 
published and cited, and they all represent the lowest levels of evidence.
Moving teeth based on evidence, and not on experience, is still a 
challenge in orthodontics. Increasing attention to the methodology of clinical 
research is promising, since there are still many myths to unravel in modern 
orthodontics.
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Table 1. The topics of 81 RCT’s from the past 30 yrs in orthodontics
No. of 
publications
Study topics
29 oral hygiene control and treatment
20 not directly related
13 stabilization splint or occlusal appliance therapy on patients with 
temporomandibular disorders
8 treatment of orthodontic-induced pain
7 bonding and banding
2 obstructive sleep apnoea
1 relapse
1 co-operation
4. Experimental models for orthodontic tooth movement
As animal experiments in general offer better homogeneity and reproducibility, 
they can be considered as an important alternative for human research; and 
on the other hand the results from animal experiments can be of great help to 
refine the set-up of human studies and conquer the limitations in human 
research.
A series of experiments on bodily orthodontic tooth displacement under 
controlled conditions in a Beagle dog model has been performed by the 
Nijmegen research group (Kuijpers-Jagtman et al., 1998). Although the 
alveolar bone of dogs is generally denser than in humans, differences 
between the anatomy of the PDL and alveolar bone of dogs and humans are 
rather small and in this respect beagles are generally accepted as a good 
model for the study of orthodontic tooth movement.
The beagle dog model has many advantages, but certain restrictions 
are met when large sample sizes are needed for comparison of different age 
groups at different time intervals, and when cost, time, and research facilities 
have to be taken into account. It appears necessary to develop a new model 
which could be used in future experiments, and which could sustain the major 
advantages, but overcome the major disadvantages of beagle dogs.
In those cases the rat seems to be a good choice. Rats have been 
used a lot as a model for experimental tooth movement, however, general 
drawbacks on the experimental design come forward from literature. Thus it is 
necessary to develop a new orthodontic model for tooth movement 
experiments in rats. Rats have several practical advantages, i.e. they are 
cost-effective, enabling the use of large sample sizes in experiments and
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longer follow-up period; histological preparation of rat material is easier than 
dog material; most antibodies required for cellular and molecular biological 
techniques are available for mice and rats; and transgenic strains are almost 
exclusively developed in small rodents.
As bone turnover is age dependent, it seems necessary to compare 
tooth movement in different age groups in order to explicit the role of bone 
turnover in the efficiency of orthodontic tooth movement. Besides, the rate and 
timing of tissue response are both species and age dependent (Reitan and 
Kvam, 1971). Tissue reactions to orthodontic forces in adult humans start 
within 2 days after force application, in adult rats within 30 minutes, and in 
young adult dogs they start within the first days of force application (Rygh, 
1972,1973; Pilon et al., 1996). On the other hand, very little is known on the 
effect of age on tissue response during orthodontic tooth movement.
5. Age effect on orthodontic tooth movement
In the last decades there has been an increasing demand for adult 
orthodontics. The importance of dental and facial aesthetics was increased in 
self-esteem, and estimates of quality of life and well-being (Shaw, 1981; Bull 
and Rumsey, 1998). On the other hand our knowledge on the efficiency of 
adult tooth movement is still rather incomplete.
Though traditionally orthodontics was performed in juveniles because 
of their growth and adaptive capacities, clinical experience has shown that the 
induction of tooth movement through alveolar bone in adults indeed is 
possible. Clinical measurements of the loss of crestal bone height in 
adolescent and adult patients suggested that treatment does not put adults at 
greater risk (Harris and Baker, 1990). However, at least part of the treatment 
goes slower in adults than in adolescents. This might be due to the biological 
limitations of the adult bone (Nakamura et al., 1994). Though the 
responsiveness of bone to some stimuli seems to decrease with age (Frost, 
2000) and active bone-forming capacity also decreases with age (Jager, 
1996), the periodontal reaction during tooth movement in adult patients 
appears similar to that seen in young growing patients.
Several studies have described the effect of age on the reaction of 
periodontal tissues as well as alveolar bone during tooth movement (Weiss, 
1972; Bridges et al., 1988; Jager and Radlanski, 1991). The remodelling 
processes of periodontal tissues in aged rats were qualitatively similar to that 
in younger rats. The reactivity of alveolar bone to orthodontic stimuli was also 
irrespective of age (Shimpo et al., 2003). Mechanically stressed alveolar bone
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revealed no evidence of a numerical difference in number, size, or activity of 
osteoclasts and osteoblasts between young and old rats (Kabasawa et al., 
1996).
Research in this field now focuses on age-dependent changes in tissue 
reactions: cell migration and differentiation in different age groups under 
controlled experimental conditions, and the effect on bone resorption and 
deposition. Animal experiments in rodents have focused on the cellular and 
tissue effects of light and heavy forces during the movement of molars in 
young and older rats. However, the forces used in these experiments were 
never well defined, the definition of young and old differed from study to study 
and the experimental periods were relatively short. Up to now, never an 
attempt has been made to conduct an experiment which focuses on age- 
related changes in bone reactivity to orthodontic treatment using standardized 
and reproducible methods of force application over a long period of time.
6. Clinical application
Monitoring the biological system in clinical situations would diminish the gap 
between basic research and clinical implications. It would be advantageous 
for the clinician and the patient if the reactions of the biological system could 
be monitored during treatment, since it would allow the adaptation of the 
treatment to the biological condition of the patient. One of the efficient means 
is measuring cytokine levels in gingival crevicular fluid (GCF). GCF has 
become a valuable source of biomarkers which are characteristic for the 
physiological status of the periodontal ligament and the alveolar bone. The 
technique is commonly used in periodontal research but it can also be 
valuable in orthodontic treatment (Lamster, 1997; Uitto, 2003).
GCF can variously be described as a transudate or an exudate. It 
passes from the periodontal ligament through the junctional epithelium to the 
sulcus, where it can be collected by a variety of procedures providing non­
invasive, site-specific samples. A lot of work in periodontics has been done on 
GCF, but in orthodontics GCF study is still in its infancy. GCF contains, 
depending on the clinical situation an array for biochemical and cellular factors, 
which can be considered as biomarkers of the state of the periodontium 
(Griffiths, 2003). Embery et al. (1982), Last et al. (1988) and Waddington et al. 
(1994) have described the appearance and identification of a range of 
glycosaminoglycans, proteoglycans and tissue glycoproteins, which provided 
biochemical evidence on the underlying state of the periodontal tissues.
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Promising markers such as cytokines and growth factors are associated with 
different stages of tooth movement, therefore the characteristics of orthodontic 
treatment could be reflected by the changes in the profile of these markers. 
Several cytokines have now been identified as potent mediator of bone 
metabolism such as interleukin-1 (IL-1), tumor necrosis factor - a (TNF-a) and 
interleukin-6 (IL-6). A number of growth factors have also been identified in 
GCF such as several members of the transforming growth factor super family 
(TGF-ß). During orthodontic tooth movement GCF levels of IL-1 ß, IL-6, and 
TNF-a as well as TGF-ß and epidermal growth factor (ECF) have all been 
observed to rise compared with contralateral control sites (Lowney et al., 1995; 
Uematsu et al., 1996a,b). This pattern is also reflected in the levels of 
prostaglandin E2 (PGE2), recognized as a pro-inflammatory mediator of bone 
metabolism, which is significantly increased following initial onset of 
mechanical force application (Grieve et al., 1994), and the levels of alkaline 
phosphatase, which is critical in bone deposition was also significantly 
elevated during tooth movement (Insoft et al., 1996). Studies on extracellular 
matrix components within PDL revealed that the proteoglycan metabolism in 
GCF is a strong biomarker for assessing bone resorption and remodeling 
during orthodontic tooth movement (Waddington and Embery, 2001).
A general shortcoming of the above mentioned studies is that the age effect 
has never been looked into. Furthermore, sample sizes were rather small and 
they are mixed by age and gender. Better designed studies are needed in 
order to get more insight into the biological changes in GCF during orthodontic 
tooth movement in different defined age groups.
7. Overview of the thesis
This thesis is based on six articles: a systematic literature review on optimum 
force in orthodontic tooth movement; a mathematical model on force 
magnitude and rate of tooth movement; rat as a model for experimental tooth 
movement; age effect on tooth movement in rats; osteoclast differentiation in 
young and adult rats during tooth movement; and changes of cytokine levels 
in GCF in early tooth movement in juveniles and adults.
As forces are often arbitrarily used and ill-defined in orthodontic 
treatment, this thesis presents a systematic review on the optimum force 
magnitudes in orthodontic tooth movement. The lack of evidence in the 
literature makes it difficult to define an (or a range of) optimal force magnitude 
which is supposed to produce the most efficient tooth movement. Thus a 
mathematical model on data from four standardized experiments on Beagle
10
General introduction
dogs was developed. This model was further applied on data retrieved from 
studies on human canine distalization. To explore the efficiency of tooth 
movement and to investigate whether the efficiency of tooth movement is age- 
dependent, a well-defined animal model in rat was developed to study the 
efficiency of tooth movement over a longer period of time. In this model a 
constant force of 10 cN over a long period could be applied in young and adult 
rats,. At the end of the experiment, the material was processed for histological 
and immunohistochemical evaluation to look into the difference of osteoclast 
differentiation between the two age groups. In the last part of this thesis, a 
non-invasive method to measure bone turnover in crevicular fluid during the 
early phase of tooth movement in young and adult orthodontic patients was 
presented, which forms the link between animal experiments and clinical 
findings.
In the general discussion, the results from the different studies in this 
thesis were related and extrapolated. Evidence-oriented suggestions were 
made for future research.
8. Literature
Binderman L, Bahar H, Yaffe A. Strain relaxation of fibroblasts in the marginal 
periodontium is the common trigger for alveolar bone resorption: a novel 
hypothesis. J Periodontol 2002;73:1210-1215.
Bourauel C, Drescher D, Ebling J, Broome K, Kanarachos A. Superelastic 
nickel titanium alloy retraction springs -  an experimental investigation of force 
systems. Eur J Orthod 1997;19:491-500.
Bridges T, King GJ, Mohammed A . The effect of age on tooth movement and 
mineral density in the alveolar tissues of the rat. Am J Orthod Dentofacial 
Orthop 1988;93:245-255.
Bull R, Rumsey N. The social psychology of facial appearance. New 
York:Springer Verslag,1998.
Calvalho RS, Bumann A, Schwarzer C, Scott E, Yen EH. A molecular 
mechanism of integrin regulation from bone cells stimulated by orthodontic 
forces. Eur J Orthod 1996;18:227-235.
Davidovitch Z. Bone metabolism associated with tooth eruption and 
orthodontic tooth movement. J Periodontol 1979;50:22-29.
Embery G, Oliver WM, Stanbury JB, Purvis JA. The electrophoretic detection 
of acidic glycosaminoglycans in human gingival sulcus fluid. Arch Oral Biol 
1982;27:177-179.
11
Chapter 1
Frost HM. The Utah paradigm of skeletal physiology: an overview of its 
insights for bone, cartilage and collagenous tissue organs. J Bone Miner 
Metab 2000;18:305-316.
Graber TM and Vanarsdall RL. 3rd ed., St. Louis: Mosby Year Book, 2000. 
Grieve W, Johnson GK, Moore RN, Reinhardt RA, DuBois LM. PGE and IL-1 ß 
levels in gingival crevicular fluid during human orthodontic tooth movement. 
Am J Orthod Dentofacial Orthop 1994;105:369-374.
Griffiths GS. Formation, collection and significance of gingival crevice fluid. 
Periodontol 2000 2003;31:32-42.
Harris EF and Baker WC. Loss of root length and crestal bone height before 
and during treatment in adolescent and adult orthodontic patients. Am J 
Orthod Dentofacial Orthop 1990;98:463-469.
Harrison JE, Ashby D. Orthodontic treatment for posterior crossbites 
(Cochrane Review). In: The Cochrane Library, Issue 1, 2003. Oxford: Update 
Software.
Insoft M, King GJ, Keeling SD. The measurement of acid and alkaline 
phosphatase in gingival crevicular fluid during orthodontic tooth movement. 
Am J Orthod Dentofacial Orthop 1996;106:287-296.
Isaacson RJ, Lindauer SJ, Davidovitch M. On tooth movement. Angle Orthod 
1993;63:305-309.
Jager A and Radlanski RJ. Alveolar bone remodeling following orthodontic 
tooth movement in aged rats. Dtsch Stomat 1991;41:399-406.
Jager A. Histomorphometric study of age-related changes in remodeling 
activity of human desmodental bone. J Anat 1996;189:257-264.
Kabasawa M, Ejiri S, Hanada K, Ozawa H. Effect of age on physiologic and 
mechanically stressed rat alveolar bone: a cytologic and histochemical study. 
Int J Adult Orthodon Orthognath Surg 1996;11:313-327.
Kuijpers-Jagtman AM, Maltha JC, Von den Hoff JW, Van Leeuwen EJ, Van 
Driel WD. Back to basics: tooth movement in orthodontics. In: The future of 
orthodontics. Carels C and Willems G, eds. Leuven: Leuven University 
Press,1998,pp. 118-127.
Kuijpers-Jagtman AM. Evidence-based orthodontic care: a challenge. In 
Orthodontics in 21st century. Takada K and Proffit WR, eds. Osaka: Osaka 
University press,2002,pp. 12-16.
Kurol J, Franke P, Lundgren D, Owman-Moll P. Force magnitude applied by 
orthodontists. An inter- and intra-individual study. Eur J Orthod 1996;18:69-75. 
Lamster LB. Evaluation of components of gingival crevicular fluid as 
diagnostic tests. Anna Periodont 1997;2:123-137.
12
General introduction
Last KS, Donkin C, Embery G. Glycosaminoglycans in human gingival 
crevicular fluid during orthodontic movement. Arch Oral Biol 1988;33:907-912. 
Lowney JJ, Norton LA, Shafer DM, Rossomando EF. Orthodontic force 
increase tumor necrosis factor a in the human gingival sulcus. Am J Orthod 
Dentofacial Orthop 1995;108:519-524.
McDonald F. Electrical effects at the bone surface. Eur J Orthod 1993;15:175- 
183.
Melsen B, Topp LF, Melsen HM, Terp S. Force system developed from closed 
coil springs. Eur J Orthod 1994;16:531-539.
Melsen B. Biological reaction of alveolar bone to orthodontic tooth movement. 
Angle Orthod 1999;69:151-158.
Middleton J, Jones M, Wilson A. The role of the periodontal ligament in bone 
remodeling: the initial development of a time-dependent finite element model. 
Am J Orthod Dentofacial Orthop 1996;109:155-162.
Nakamura Y, Tanaka T, Wakimoto Y, Nada K; Kuwahara Y. Preparation of 
unfixed and undecalcified frozen sections of adult rat periodontal ligament 
during experimental tooth movement. Biotech Histochem 1994;69:189-191. 
Nakano H, Satoh K, Norris R, Jin T, Kamegai T, Ishikawa F, Katsura H. 
Mechanical properties of several Nickel-Titanium alloy wires in three-point 
bending bests. Am J Orthod Dentofacial Orthop 1999;115:390-395.
Petrie A, Bulman JS, Osborn JF. Further statistics in dentistry part 8: 
systematic reviews and meta-analyses. Brit Dent J 2003;194:73-78.
Pilon JJ, Maltha JC, Kuijpers-Jagtman AM. Magnitude of orthodontic forces 
and rate of bodily tooth movement. An experimental study in Beagle dogs. Am 
J Orthod Dentofacial Orthop 1996;110:16-23.
Proffit WR and Fields HW. Contemporary orthodontics. 3rd ed. St. Louis: 
Mosby Year Book,2001.
Reitan K and Kvam E. Comparative behaviour of human and animal tissue 
during experimental tooth movement. Angle Orthod 1971;41:1-14.
Richards D. Use of best evidence in making decisions : a challenge for the 
scientist and the practitioner. In: Evidence based dentistry. Walther W and 
Michalis W, eds. Köln/München: Deutscher Zahnärzte Verlag DÄV-Hanser, 
2000.
Robert WE, Goodwin WC, Heiner SR. Cellular response to orthodontic force. 
Dent Clin North Am 1981;25:3-18.
Rygh P. Ultrastructural cellular reactions in pressure zones of rat molar 
periodontium incident to orthodontic tooth movement. Acta Odont Scand 
1972;30:575-593.
13
Chapter 1
Rygh P. Ultrastructural changes in pressure zones of human periodontium 
incident to orthodontic tooth movement. Acta Odont Scand 1973;31:109-122. 
Sackett DL. Evidence-based medicine. Spine 1998;23:1085-1086.
Sandy JR. DNA changes in mechanically deformed osteoblasts: a new 
hypothesis. Br J Orthod 1993;20:1-11.
Segner D, Ibe D. Properties of superelastic wires and their relevance to 
orthodontic treatment. Eur J Orthod 1995;17:395-402.
Shaw WC. The influence of children’s dentofacial appearance on their social 
attractiveness as judged by peers and lay adults. Am J Orthod 1981;79:399- 
415.
Shimpo S, Horiguchi Y, Nakamura Y, Lee M, Oikawa T, Noda K, Kuwahara Y, 
Kawasaki K. Compensatory bone formation in young and old rats during tooth 
movement. Eur J Orthod 2003;25:1-7.
Swennen G, Schliephake H, Dempf R, Schierle H, Malevez C. Craniofacial 
distraction osteogenesis: a review of the literature. Part 1: Clinical studies. Int 
J Oral Maxillofac Surg 2001;30:89-103.
Uematsu S, Mogi M, Deguchi T. Increase of transforming growth factor-ß1 in 
gingival crevicular fluid during human orthodontic tooth movement. Arch Oral 
Biol 1996a;41:1091-1095.
Uematsu S, Mogi M, Deguchi T. Interleukin-1 ß, Il-6, tumor necrosis factor-a, 
epidermal growth factor, and ß2-microglobulin levels are elevated in gingival 
crevicular fluid during human orthodontic tooth movement. J Dent Res 
1996b;75:562-567.
Uitto VJ. Gingival crevice fluid -  an introduction. Periodontol 2000 2003;31:9- 
11.
Waddington RJ, Embery G, Samuels RH. Characterization of proteoglycan 
metabolites in human gingival crevicular fluid during orthodontic tooth 
movement. Arch Oral Biol 1994;39:361-368.
Waddington RJ and Embery G. Proteoglycans and orthodontic tooth 
movement. J Orthod 2001;28:281-290.
Weiss RC. Physiology of adult tooth movement. Dent Clin North Am 
1972;16:449-457.
Yoshikawa K. Biomechanical principles of tooth movement. Dent Clin North 
Am 1981;25:19-26.
Zengo A, Pawluk R, Bassett C. Stress-induced bioelectric potentials in the 
dentoalveolar complex. Am J Orthod 1973;64:17-19.
14
Chapter 2
Optimum force for tooth movement: 
A systematic review
The Angle Orthodontist 2003;73:86-92
Chapter 2
16
A systematic review
ABSTRACT
Aim of this study was to perform a meta-analysis on the literature concerning 
the optimal force or range of forces for orthodontic tooth movement. Over 400 
articles both on human research and animal experiments were found in 
Medline and by hand searching of main orthodontic and dental journals. 
Articles on animal experiments were in the majority. A wide range of animal 
species was used such as rat, cat, rabbit, beagle dog, monkey, mouse, 
guinea pig. Besides variation in species, there was also a wide range in force 
magnitudes, teeth under study, directions of tooth movement, duration of 
experimental period, and force reactivation. Furthermore hardly any 
experiments were reported that provide information on the relation between 
the velocity of tooth movement and the magnitude of the applied force. Data 
from human research on the efficiency of orthodontic tooth movement 
appeared to be very limited. The large variation in data from current literature 
made it impossible to perform a meta-analysis. Therefore literature is 
systematically reviewed. It appeared that no evidence about the optimal force 
level in orthodontics could be extracted from literature. Well-controlled clinical 
studies and more standardized animal experiments in the orthodontic field are 
required to provide more insight into the relation between the applied force 
and the rate of tooth movement.
KEY WORDS: orthodontics; optimum force; force magnitude; velocity; tooth 
movement; stress; strain; meta-analysis; systematic review
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INTRODUCTION
In literature different opinions can be found about the force level that results in 
the optimal mechanical conditions within the periodontal ligament for 
orthodontic tooth movement. It is assumed that an optimal force system is 
important for an adequate biological response in the periodontal ligament1. It 
has also been suggested for a long time that the optimal force is related to the 
surface area of the root2-4.
In the past 70 years, the concept of optimal force has changed 
considerably. Schwarz proposed the classic concept of the optimal force5. He 
defined optimal continuous force as "the force leading to a change in tissue 
pressure that approximated the capillary vessels’ blood pressure, thus 
preventing their occlusion in the compressed periodontal ligament”. According 
to Schwarz, forces well below the optimal level cause no reaction in the 
periodontal ligament. Forces exceeding the optimal level would lead to areas 
of tissue necrosis, preventing frontal bone resorption. Tooth movement would 
thus be delayed until undermining resorption had eliminated the necrotic 
tissue obstacle.
Schwarz’s definition was slightly modified by Oppenheim, who 
advocated the use of the lightest force capable of bringing about tooth 
movement6, and by Reitan, who demonstrated cell-free compressed areas 
within the pressure site even in cases where light forces were applied, and 
who also advocated the use of very light forces7.
Nowadays, the concept of optimal force is based on the hypothesis that 
a force of a certain magnitude and temporal characteristics (continuous vs. 
intermittent, constant vs. declining, etc.) would be capable to produce a 
maximum rate of tooth movement without tissue damage and with maximum 
patient comfort. The optimal force for tooth movement may differ for each 
tooth, and for each individual patient8.
The magnitude of force has received significant attention in 
orthodontics without full considering that it is important only as it is related to 
other characteristics of the force system and surface area of the periodontal 
ligament over which it is dissipated. The forces, which are applied to the 
crowns of the teeth, are distributed over the entire supporting structure and so 
are the stresses and strains. From a cellular point of view, distribution of 
stress (force per unit area), distortion of the periodontal ligament (shear stress, 
strain), and bone deformation (strain) are critical factors and the remodeling 
response is directly related to stress and strain levels within the periodontium9- 
10 The orthodontic force as an extrinsic mechanical stimulus thus evokes a
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biologic cellular response that aims to restore an equilibrium by remodeling of 
the periodontal supporting tissues11-13. Since it is very difficult to measure 
stresses and strains within the periodontal ligament of loaded teeth directly, 
only measuring the forces that are directly applied to teeth with known root 
surface areas can provide a rough estimate of these parameters.
A thorough systematic review of the available literature on this topic 
could be a basis for the application of appropriate forces in clinical 
orthodontics. But such a review on this topic has never been published. 
Nowadays, a meta-analysis of the literature, ie, a mathematical analysis of 
summary results across a group of studies with common underlying 
characteristics, appears to be the preferred choice. In contrast to traditional 
narrative literature reviews, a meta-analysis allows covering a large number of 
studies. It focuses on the size of treatment effect, not just whether results are 
statistically significant.
Therefore, the present study was planned as a meta-analysis aiming at 
a description of the relation between orthodontic force and the rate of 
subsequent tooth movement, more specificly, at the assessment of an optimal 
force or force range for clinical use in orthodontics.
MATERIAL AND METHODS 
Search strategy for identification of studies
Medline was searched from the year 1966 until December 2001 using the 
following search strategy:
14483 —  (orthodont* in ti) or (orthodont* in ab)
4637 ---- (tooth or teeth) near movement
104315 —  force*
536 —  #1 and #2 and #3 
476 —  #4 not case-report in tg
305 ---- #5 and human in tg
161 —  #5 and animal in tg
Publications before 1966 and the most recent ones were hand- 
searched in main dental and orthodontic journals. The reference lists of 
selected articles were searched and references to related articles were 
followed-up. The sources retrieved by queries 6 and 7 and by hand-search 
were manually evaluated by two independent researchers (Dr Ren and Dr 
Maltha) using the following exclusion criteria:
No quantification of orthodontic force magnitude (eg. use of separation 
elastics).
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No quantification of rate or amount of tooth movement 
No control group nor split-mouth design.
Number of experimental sites per group < 5.
Use of extra-oral or functional appliances.
Observation period < 1 week.
Medication and surgical or physical intervention other than orthodontics 
in experimental design.
Data extraction
From each study that remained after application of the exclusion criteria, the 
data were extracted as follows:
Title description.
Number of experimental conditions.
Number of individuals or sites per experimental condition.
Age or weight of the experimental subjects.
Method for measuring tooth movement.
Method for measuring force.
System of force control.
Frequency of reactivation of appliance (if applicable).
Type of appliance.
Initial force magnitude in cN.
Direction of force.
Type of tooth movement.
Duration of experimental period in weeks.
Mean rate of tooth movement over experimental period in mm/wk.
RESULTS
After applying the exclusion criteria, 17 out of 161 articles on animal studies 
and 12 out of 305 articles on human studies remained. The general results of 
these studies are summarized in Table 1 through 3.
The main properties of articles included in this analysis are as follows: 
The articles on animal experiments (Tables 1 and 2) show a wide range of 
species such as cat (n = 2), beagle dog (n = 5), monkey (n = 2), rat (n = 7), 
rabbit (n = 1), and guinea pig (n = 2).
In the two studies on cat maxillary canines tipping forces ranging from 40 -  
500 cN were used14,15. The five studies in dogs used bodily movement of 
mandibular second premolars (M. Von Böhl et al and J.C. Maltha et al, 
personal communication)16-18. The forces used in these studies ranged from
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TABLE 1. List of included animal studies (cat, dog, monkey)
Author Year Ref C Species
m 
1— Teeth Force(cN)
D Results
Utley 1968 14 4 cat T Cmax 40-60
135-165
400-560
4w No relation between rate of 
cuspid TM and force 
magnitude.
Mitchell 1973 15 2 cat T Cmax 150 12-
25w
Higher force per unit of root 
surface area increases rate 
of TM.
Fortin 1971 16 2 dog B P2mand 150-200
450
4w Light forces result in greater 
TM than heavier forces.
Pilon 1996 17 3 dog B P2mand 50
100
200
17w No relationship between 
force magnitude and TM
Leeuwen 1999 18 2 dog B P2mand 10
25
17w Force regime has more 
influence on rate of TM than 
force magnitude
Von Böhl 2001 p.c. 2 dog B P2mand 25
300
17w Large individual variations in 
velocity of TM
Maltha 2001 p.c. 2 dog B P2mand 10
300
600
1200
17w Large individual variations in 
velocity of TM; In some 
individuals no effect of 
increasing force
Dellinger 1967 19 4 monkey T Pimax 10
50
100
300
8w Optimal force for intrusion is 
50cN.
Steiner 1981 20 2 monkey B I max, 
Imand
50 16w The central incisors were 
moved labially 0.19mm/wk 
on average.
Ref indicate number of the study in the reference list; C, number of 
experimental conditions in the referred study; B/T, Bodily or tipping tooth 
movement; Teeth: I, incisor; C, canine; P, premolar; M, molar; Max, mxillary; 
mand, mandible; L, left; R, right; 12 number of the teeth; D, duration of longest 
observation in the study; TM, Tooth movement; p.c., personal communication
10 - 1200 cN. One of the studies gave detailed information on tooth
movement only for some of the experimental animals; the other four have a
rather uniform experimental setup. One of the studies on monkeys is on
maxillary premolar movement using tipping forces of 10 -  300 cN19; the other
one is on incisors, using a bodily force of 50 cN20. From the seven studies on
rats, five studied the effect of forces ranging from 20 to 60 cN on maxillary first
molar21-26. The other two studies dealt with the maxillary and mandibular
incisors, respectively, using forces from 10 to 150 cN21-22. Six out of these
seven studies on rats used tipping forces and one study used an intrusive
force. Only one study on rabbits was included in which tipping forces of 25 -
150 cN were used on maxillary incisors23. The two studies on guinea pigs
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TABLE 2. List of included animal studies (rat, rabbit, guinea pig)*
Author Year Ref C species
rn 
i— Teeth Force(cN)
D Result
Storey 1955 21 9 rat, rabbit, 
guinea pig
T I max 25
50
150
1w Increase in rate of TM with 
increasing force in rabbit and 
rat, not in guinea pig.
Steigman 1981 22 4 rat I Imand 2-10
14-23
38-40
2w Medium loads are optimal for 
intrusive movement.
Bridges 1988 23 2 rat T M ^ax 60 2w Young rats TM about 
0.66mm/wk, adult rats TM 
about 0.45mm/week (linear 
stage)
King 1991 29 6 rat T M ^ax 20
40
60
2w 20cN group TM about 
0.28mm/wk, 40cN group TM 
about 0.16mm/wk, 60cN group 
TM about 0.17mm/wk (linear 
stage)
Gibson 1992 30 2 rat T M ^ax 40 2w TM about 0.16mm/wk 
(linear stage)
King 1994 31 2 rat T M ^ax 40 2w Young rats TM about 
0.27mm/wk, adult rats TM 
about 0.25mm/wk (linear stage)
Gu 1999 32 2 rat T M ^ax 40 2w TM 0.18mm/week
Botting 1973 33 2 guinea pig T Imax 3-7
30-40
2w Optimal range of force in 
growing guinea-pig between 3­
7g and 30-40g applied to the 
upper incisor teeth
*For an explanation of the abbreviations see Table 1
were both on maxillary incisors, using tipping forces from 10 to 150 cN21,28. 
These large variations in species, applied force, experimental setup, and type 
of tooth movement made it impossible to perform the review as a meta­
analysis of the relation between force magnitude and rate of tooth movement 
on the basis of animal experiments.
The number of human studies included in this review (n = 12) dealing 
with the relation between force magnitude and rate of tooth movement is 
rather limited (Table 3). Eight studies were dealing with canine retraction2,3,29- 
34 A wide range of initial forces (18 -  1500 cN) was used in these studies; 
also, the regime of reactivation and other parameters, such as the type of 
movement, showed a wide variation. Three articles reported on premolar 
tipping using forces from 50 to 200 cN35-37, and two articles reported on molar 
tipping by forces from 100 to 500 cN32,38. The number and the homogeneity of 
the included human studies were too limited to enable a meta-analysis.
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TABLE 3. List of included studies on humans*
Author Year Ref C
m 
1— Teeth Force(cN)
D Results
Storey & 
Smith
1952 2 2 B Cmand 175-300
400-600
9w Optimum force range for maximum 
rate of movement is 150-200cN for 
canines.
Lee 1964 34 2 B/
T
Cmax 450 > 1w Optimum force level between 150- 
260cN
Andreasen 1967 35 2 T Mmax 200
400
12w Higher force yielded 2.5 times tooth 
displacement of the lower force
Hixon 1969 36 2 T Cmax 300
0-1500
8w Higher forces per unit root area 
increase the rate of TM.
Hixon 1972 37 2 T Cmax 300
0-1000
6w Higher forces produce more rapid 
movement than lighter ones.
Boester 1972 3 4 T Cmax 55
140
225
300
10w 55cN force yielded less TM than 
140cN, 225cN, and 300cN, while 
latter three forces produced the 
same amount of TM.
Andreasen 1980 38 4 T LM
RM
LC
RC
100-150
400-500
100-150
400-500
10w In general greater forces produced 
greater rate of tooth movement.
Lee 1995 39 2 B/
T
Cmax 35-450 7w Maximum rates of TM is 0.78- 
1.34mm/wk for tipping movement 
with force average 337-388cN, and 
0.86-1.37mm/wk for bodily 
movement with force average 354- 
375cN
Owman-
Moll
1996a 40 2 T Pmax 50
100
4-7w No difference in TM in 50cN group 
and 100cN group.
Owman-
Moll
1996b 41 2 T Pmax 50
200
7w TM increased 50% with 200cN as 
compared to 50cN.
Lundgren 1996 42 2 T Pmax 50 7w Horizontal movement of the tooth 
crown was 0.8 mm during the first 
week and 3.7 mm after 7w.
Iwasaki 2000 43 2 B Cmax 18
60
12w 18cN could produce effective TM.
*For an exp anation of the abbreviations see Table 1
DISCUSSION
Interest in characterizing the nature of the relation between the magnitude of 
applied force and the rate of orthodontic tooth movement and the extent of 
anchorage loss began in the 1950s. The use of "light” forces once became 
popular, based on the classic studies of Storey and Smith2 and of Reitan7 in 
the 1950s and 1960s, respectively. The assumption was that a so-called 
differential movement of teeth, at first proposed by Begg13, could be generally 
achieved. Moreover, it was generally thought that light forces are more 
efficient and more "biologic” and, hence, less painful. Although the "light force 
concept” sounds attractive, the term is used freely and arbitrarily. There is
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neither universal consensus nor sound scientific evidence regarding specific 
numeric values of force magnitude. The concept of light force is application- 
dependent: a force that is considered too high for a certain application may be 
ideal for another8, but few studies ever gave substantial evidence for this 
concept.
In the last two decades, a growing interest became manifest for the 
view that orthodontic tooth movement should be considered as the result of 
biological reactions to external applied mechanical stimuli. One of the central 
questions raised was whether higher stresses and strains result in greater 
biologic activity and thus in a faster rate of tooth movement or whether an 
optimal force or force range would exist to stimulate this process. This led to 
the classic article of Quinn and Yoshikawa4 in which they proposed four 
possible models for the relation between force magnitude and the rate of 
orthodontic tooth movement.
Searching the orthodontic literature revealed that no publications are 
available that elucidate the fundamental clinical question about the optimal 
force. On evaluating all the retrieved literature, two periods can be 
distinguished. Earlier studies (1950-1980) dealt more with the efficiency of 
orthodontic tooth movement than do later studies. Great efforts were taken to 
investigat the optimal force that could produce a maximum rate of tooth 
movement and the advantages of light forces compared with heavy forces. 
The differential force theory as proposed by Begg13 was also a topic of 
interest. All these studies, however, did not lead to a general conclusion. In 
later years (1981-2001), the studies mainly focused on topics as histological 
or cell biological changes, or changes in blood flow velocity during different 
stages of tooth movement, and on the side effects of orthodontic treatment 
such as root resorption and drug effects on tooth movement. Only few studies 
further investigated the efficiency of orthodontic tooth movement; also, these 
studies did not lead to a general conclusion.
We aimed at performing a meta-analysis of the existing literature. This, 
however, appeared to be impossible. Four main problems were encountered 
throughout the literature.
The first difficulty is the inability of precisely calculating the distribution 
of stresses and strains at the level of the periodontal ligament. Most literature 
pertaining to the relation between the magnitude of applied force and rate of 
tooth movement is based on measurements of the magnitude of the applied 
force and the rate of tooth movement. But the forces applied to the teeth per 
se are not the critical factors leading to the biologic reactions. The 
fundamental considerations are the local stresses and strains that are
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experienced by the cells within the supporting tissues11,12,15. Direct 
measurement of these parameters is almost impossible, and current literature 
could not provide a reliable biomechanical model from which they can be 
derived.
The second problem is that many of the experiments cited failed to 
control the type of tooth movement. In most experiments, tipping tooth 
movement has been performed, which means that an uneven distribution of 
stresses and strains is invoked within the periodontal ligament. The clinical 
result is that the crown and root of a tooth move at different rates or even in 
different directions. The center of rotation, which determines the rate of crown
and root movement, is difficult to determine and very likely to change during
16the tipping movement16. Therefore, a well-defined and reproducible tipping 
tooth movement is almost impossible. A related problem is that 
measurements of tooth displacement generally are performed at the crowns 
rather than at the center of resistance, leading to an over-estimation of the 
effect of the applied force. Therefore, experimental studies with tipping 
movement are difficult to interpret, and their results are very hard to compare 
with other experiments.
The third consideration that contributes to confusion on the relationship 
between force and rate of tooth movement is that orthodontic tooth movement 
can be divided into several phases that were categorized by Burstone17 as 
initial phase, lag phase, and post-lag phase. Later studies on beagle dogs 
proposed four phases: initial phase, phase of arrest, phase of start and linear 
phase18. Structural changes in bony and periodontal tissues during the 
different phases of tooth movement lead to changes in their biomechanical 
characteristics and thus to changes in local stresses and strains within the 
periodontium and to modulations in the biological response. In many studies, 
tooth movement was evaluated over a relatively short period of time, leading 
to data pertaining only the first two phases of the process and not to the 
postlag or linear phase in which true orthodontic tooth movement is 
considered to take place.
Finally, a large interindividual variation is recognized in both human 
research and animal experiments. Even with standardized, constant and 
equal forces, the rate of orthodontic tooth movement may vary substantially 
among and even within individuals (M. Von Böhl et al and J.C. Maltha et al, 
personal communication)17-19. On the other hand, with substantially different 
forces, rates of tooth movement may be almost the same among or within 
individuals18,20,21. These individual differences in tooth movement 
characteristics are possibly related to individual variation in the structure of
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22and cellular activity within the periodontal ligament and alveolar bone22, or to 
localized differences in the expression of factors as cytokines and growth
factors23.
After more than half a century of research on orthodontic tooth 
movement, it is disappointing to conclude that the answer on the question of 
the optimal force is still far away. The four main problems outlined above 
largely explain why the current confusion exists. So a rationale for future work 
should take these problems into consideration. But the stress/strain 
distribution in the periodontal ligament, PDL, is a point of major concern. No 
empirical or experimental evidence has ever been reported to verify the 
concept of tooth translation. This concept assumes a homogeneous 
distribution of stress/strain in the PDL. As the center of rotation is in 
continuous repositioning, in vivo, the biomechanical concept of translation can 
only exist instantaneously, and cannot be sustained over time by any existing 
appliance system. Clinical tooth movement is accompanied by a constantly 
changing spectrum of stress/strain in the PDL that ranges from compression 
to tension24.
As a starting point to estimate the optimal force, mathematical 
modeling could be performed by evaluating all individual data on tooth 
movement that can be retrieved from literature. A non-linear regression 
analysis of these data may provide an equation to describe the characteristics 
of the relation between force magnitude and the rate of tooth movement. In 
this way, the power of the analysis is increased as small sample size and a 
large inter individual variation is a general shortcoming in almost every single 
study. Care should be taken in categorizing data according to different force 
systems, ie, tipping vs bodily tooth movement and continuous vs intermittent 
application of force. Such a model may identify a range of optimal force and 
the maximal velocity of tooth movement produced.
Because experimental or clinical techniques are usually limited in 
applying known complex force systems, biomechanical modeling has become 
a necessity. From a biomechanical point of view, stress and/or strain in the 
periodontal ligament play an important role in tooth movement. The finite 
element method (FEM) is a useful technique for stress analysis in biological 
systems, where local stress and/or strain cannot be measured directly in a 
nondestructive manner. As such, it offers a possibility for accurate modeling of 
the tooth-periodontium system with its complicated 3-dimensional geometry. 
Different material models, i.e. a viscoelastic material model or a poroelastic 
model, have been proposed for analyzing the mechanical properties of the 
PDL27-30. Such models must be validated by biological data from well-
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controlled experimental or clinical studies that go beyond the early phases of 
orthodontic tooth movement, thus providing data on linear phases as well. 
Ultimately, a computer stimulation model might be constructed to reflect the 
local tissues’ reactions in terms of stress and strain and to predict tooth 
movement in relation to orthodontic forces.
CONCLUSION
Because it is not possible to perform a meta-analysis of the relation between 
force magnitude and rate of tooth movement from current literature, no 
evidence-based force level could be recommended for the optimal efficiency 
in clinical orthodontics. But promising alternative approaches are suggested 
as mathematical modeling on retrieved data from literature, biomechanical 
modeling by FEM for stress/strain analysis, and well-controlled clinical studies 
or animal experiments with standardized setup. These combined efforts might 
lead to a better understanding of how the efficiency of orthodontic treatment 
can be improved in the future.
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ABSTRACT
The aim of the study was to develop a mathematic model that describes the 
relation between the rate of orthodontic tooth movement and the magnitude of 
the applied force. Initially, data were extracted from experimental studies in 
beagle dogs, in which controlled standardized forces were used to move 
mandibular second premolars distally. Trend-fitting by iterative non-linear 
regression analysis provided an equation describing the relation between 
force magnitude and rate of tooth movement in beagle dogs. Similar 
techniques were subsequently used for the analysis of the limited available 
literature data on human canine retraction.
The results showed that the maximum rates of tooth movement in 
humans and in dogs are very similar. A threshold for force magnitude that 
would switch on tooth movement could not be defined. The model showed 
that a wide range of forces can be identified that leads to maximum rate of 
tooth movement.
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INTRODUCTION
Optimal orthodontic treatment requires a mechanical input that leads to a 
maximum rate of tooth movement with minimal irreversible damage to the root, 
periodontal ligament, and alveolar bone1. Although other biological indicators 
such as cellular response,tissue damage, pain, and the tendency for relapse 
are important, literature pertaining the efficiency of orthodontic treatment 
modalities is mainly focussed on the relation between orthodontic force 
magnitude and the rate of tooth movement during active treatment.
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Figure 1. Four models (A to D) of the relationship between force magnitude and 
velocity of tooth movement.
Discussions on this issue are generally based on the theoretical 
considerations from Quinn and Yoshikawa2. They described four alternative 
models for this relation. The first model supposes an on/off switch that at a 
certain force level is switched on (Fig. 1A). All forces above this threshold will 
lead to the same rate of tooth movement. Several studies support this model. 
Owman-Moll et al.3 found no difference in tipping movement of human 
premolars with forces of 50 cN and 100 cN. Iwasaki et al.4 found in humans
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that effective tooth movement can be produced with low forces, and that 
higher forces do not necessarily lead to faster tooth movement. Animal 
experiments have shown that the maximum rate of tooth movement was 
similar for a wide range of forces, indicating that even with light forces 
maximal biological response could be reached5-8. Many other studies, 
however, do not support this model9.
In the second model (Fig. 1B), a force threshold is also indicated. With 
forces above the threshold a linear dose-response relation is assumed. 
Several studies10-14 have shown that higher forces were generally more 
efficient in moving teeth, which supports this model. However, the forces used 
in these studies were within a quite narrow range. Up to now, no study is 
available across a wide range of continuous forces favoring this model.
In the third model (Fig. 1C), forces above a certain threshold are 
necessary to induce movement. A dose-response relation exists in a lower 
force range up to a certain level. Then a plateau is reached and further 
increase of force leads to a decrease in the rate of tooth movement. This 
theory is in agreement with the differential force theory proposed by Begg15. 
According to this theory, low forces should be applied for space closure, while 
high forces would lead to anchorage of the segment. These phenomena may 
be related to the induction of hyalinization within the periodontal ligament. 
Other studies10,16-19 support this model. They show maximal canine movement 
in humans with a limited force range, and indicate that with force values below 
this range, practically no movement of the canine takes place. Storey and 
Smith10 proposed that by increasing the force beyond this range the rate of 
tooth movement decreases and finally ceases completely. However, so far no 
study has been published supporting these ideas. From a biological point of 
view, however, it is feasible that very large forces will slow down the 
recruitment or the differentiation of cells and will cause tissue hyalinization.
Both processes will hamper tooth movement and affect cell-matrix
20interactions20.
The last model (Fig. 1D) generally resembles the former one, but lacks 
the decreasing part. Several authors12,21,22 report data supporting this model. 
They found no measurable increase in rate of tooth movement above certain 
force levels. Some animal experiments also support this opinion23.
Quinn and Yoshikawa2 concluded that the last model was the one most 
supported by experimental and clinical data, but their reasoning might be 
hampered by the lack of available experimental data on the use of high forces.
Recently, a thorough systematic study of the literature pertaining to the 
efficiency of tooth movement in human subjects indicated that no optimal
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force magnitude, or more accurately, no optimal pressure magnitude could be 
defined9. The main problems encountered were related to the inability to 
measure stresses or stress distribution within the periodontal ligament, the 
lack of control of bodily or tipping movement, the variation in follow-up periods, 
and large individual variations. We have tried to explore several mathematical 
models using literature data from human studies to evaluate the relation 
between force magnitude and velocity of tooth movement. They all have the 
problem of an inadequate biological fit, or they could not indicate the range of 
optimal force. Therefore the results from the above-mentioned mathematical 
models were not conclusive9.
The problems mentioned above are largely overcome in a series of 
animal studies in which the effects of standardized orthodontic forces on 
second premolars of beagle dogs were studied over a long period of time5-8. 
The purpose of the present study was to develop a mathematical model 
based on data from these standardized animal experiments and to test this 
model with the data from clinical research.
MATERIAL AND METHODS 
Data Retrieval
1. Data on dog premolars
The choice for the data used in the present study is based on a systematic 
literature review by our group9. This literature search covered the period from 
1966 -  2001 and produced 161 sources dealing with experimental animal 
studies on the relation between orthodontic force and subsequent tooth 
movement. Only six of these papers describe the use of standardized 
orthodontic appliances with predetermined constant forces used for long term 
bodily tooth movement (1 in monkeys24, 5 in beagle dogs5-8,25. The five papers 
on beagle dogs reported on the distalization of mandibular second premolars. 
One of these papers25 did not provide enough data to be used for the 
mathematical model. The other four individual studies4-7 were performed by 
our group at the Department of Orthodontics and Oral Biology, University of 
Nijmegen. The combined data of these four studies were retrieved from 146 
series of measurements and all were expressed as applied force (cN) and 
velocity of tooth movement (mm/w).
The experimental set-up of the four studies was as follows. In young 
adult male Beagle dogs lower third premolars were extracted. The orthodontic 
appliance was placed sixteen weeks after extraction of lower third premolar. 
The construction of the appliance was such that the second premolars were
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only allowed to move bodily to the distal. The force magnitudes studied were 
10, 25, 50, 100, 200, 300, 600, and 1200 cN. A split mouth design was used 
with different forces on left and right sides. In two studies5,6 the lower canine, 
fourth premolar and first molar were connected together as anchorage. In 
another two studies7,8 dental implants served as anchorage One study used 
pre-stretched elastics to deliver the force. These elastics were checked 
weekly, and if they deviated more than 5 % in force, a new elastic was placed5. 
In the other studies6,7,8, super-elastic coil springs were used which have been 
shown to deliver a constant force over a long activation range6.
The two studies with tooth anchorage showed a mean anchorage loss 
of about 25 per cent5,6. Therefore, the velocities of tooth movement from these 
studies were set at 75 per cent of the original velocities, in the present study, 
while anchorage loss in the implant anchorage system was supposed to be 
zero in the other two studies7,8. After this correction for anchorage loss, no 
significant differences were present between the dog studies and therefore 
the data were pooled.
2. Data on human canines
Nine studies on human canines were included4,10,12,13,16,17,19,21,26 . In case 
upper and lower canines were studied within one study, no significant 
difference in rate of tooth movement was found between the two. Therefore 
data from upper and lower canines were pooled. Whenever possible individual 
data were used. If only group means were given, random terms were added to 
these group data to describe their accuracy (iterative standard deviation was 
sd = 0.19). Furthermore these data have been weighed during statistical 
analysis by sample size per group. Individual and group data together led to 
205 cases.
After an optimal fit had been achieved by iterative non-linear regression 
analysis (see below), the importance of the co-variables age and sex of the 
experimental subjects, the type of appliance (helical torsion springs, 
sectionals, retraction by elastics), frequency of reactivation of appliance, type 
of tooth movement (bodily or tipping), and duration of the experimental period 
were analyzed by additional multiple iterative non-linear regression analyses. 
Data from original articles were all recalculated as force magnitude in cN and 
velocity of tooth movement in mm/w before entered in the analyses. For 
studies that reported results only in graphs, velocity was read from the post­
lag phase - the linear phase - instead of calculating the tooth movement over 
all phases.
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Statistical Modeling
The mathematical model was based on the following assumptions: there is no 
tooth movement without force; the force-velocity curve has an increasing part 
at low forces, and reaches a maximum or plateau at higher forces; the slope 
of the curve may decrease or remain stable with further increasing forces but 
the rate of tooth movement will never be negative (it will never move in a 
direction opposite the applied force). Based on these assumptions an iterative 
non-linear regression analysis was applied to the dog data.
In a second procedure, a comparable non-linear regression analysis 
was performed on clinical data.
RESULTS
The following equation was used for iterative non-linear regression analysis 
based on the dog data:
sqrtV(F)=(sqrtVmax)*(sqrtF/Fmax)Fmax/Fb * e(Fmax-sqrtF)/Fb 
sqrtV(F) = square root of the velocity of tooth movement as a function 
of the applied force 
e = 2.7183
V = velocity of tooth movement in mm/w 
Vmax = maximum velocity in mm/w 
F = force magnitude in cN
Fmax = force at which maximum velocity is reached in cN 
Fb = scaling parameter (by calculation Fb > Fm)
Optimal fit was obtained with the following parameters(Figure 2):
Vmax = 0.28 mm/w 
Fmax = 219 cN 
Fb = 2043 cN
Calculations of the 95 per cent confidence intervals led to the following 
results:
95% CI for Vmax= 0.24 - 0.31 mm/w 
95% CI for Fmax = 108 - 369 cN 
R2 = 0.042
The above values indicate that the maximum velocity of the lower 
second premolar in dogs was about 0.28 mm/w when the force magnitude 
was about 219 cN. The 95 per cent confidence interval of the maximum 
velocity was 0.24 - 0.31 mm/w, and the 95 per cent confidence interval of the
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Force-velocity curve on dog data
force (cN)
Figure 2. Force velocity curve based on dog data; circles are individual dog data. The 
curve is based on mathematical model derived from dog data.
force for this maximum velocity was 108 - 369 cN. The explained variance 
was 4.2 per cent. Figure 2 shows the force-velocity curve for this model.
When the same formula was used for the analysis of the clinical data, 
iterative non-linear regression analysis showed an optimal model with the 
following variables (Figure 3):
Vmax = 0.29 mm/w 
Fmax = 272 cN 
Fb = 806 cN
95% CI for Vmax = 0.26 - 0.33 mm/w 
95% CI for Fmax = 132 -  462 cN 
R2 = 0.057
These values indicate that, in humans, the maximum velocity for the 
canines was about 0.29 mm/w when the force magnitude was 272 cN. The 95 
per cent confidence interval of this maximum velocity was 0.26 - 0.33 mm/w, 
and the 95 per cent confidence interval of the force for which this maximum
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Force-velocity curve on human data
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Figure 3. Force velocity curve based on human data; triangles are individual or group 
human data. The curve results from the application of the mathematical model 
derived from dog data to human data.
velocity is reached was 132 -  462 cN. The explained variance was 5.7 per 
cent. Figure 3 shows the force-velocity curve for the human data.The analysis 
of the co-variables showed that age and sex of the experimental subjects, the 
type of tooth movement (bodily or tipping), nor the duration of the 
experimental period had a significant influence. On the other hand, the type of 
the appliance and the frequency of reactivation did have a significant effect. If 
these co-variables were taken into account, the explained variance increased 
from 5.2 to 22.0 per cent.
DISCUSSION
The dog as a research model for orthodontic tooth movement has many 
advantages. Inbred dogs show less genetic variations than human subjects do, 
it is rather easy to use a standardized appliance design that produces nearly
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bodily movement, and force magnitude and activation period can be well 
controlled. Furthermore, forces that are beyond a clinical acceptable range for 
humans can be applied in dogs without clinical or ethical objections. The 
forces used in the current dog model ranged from 10 cN to 1200 cN, which 
provided some detailed modeling information for the right tail of the force­
velocity curve. Further advantage of dogs over other experimental animals is 
that the differences in the size and anatomy of the periodontal ligament and 
alveolar bone between dogs and humans are rather small, although the 
alveolar bone of dogs is generally denser than in humans5,27.
The combined experimental data from four dog studies5-8 enabled the 
development of a mathematical equation by which the maximum rate of tooth 
movement could be predicted with a 95 per cent confidence interval from 0.24 
to 0.31 mm/w. The optimum force magnitude derived from this equation 
showed a more substantial range (95 per cent confidence interval = 108 - 369 
cN). This indicates that, within that range, force magnitude is not the major 
decisive factor for the rate of tooth movement and that any force within that 
range might evoke the required biological response within the periodontal 
tissues necessary for optimal tooth movement.
The choice to use the same mathematical approach for human data as 
for the dog data is based on the general assumption that the gross 
characteristics of the relation between force and rate of tooth movement are 
similar in both species. Both curves presumably will go through the origin (0,0), 
will show a dose-response relation at low forces, will reach a maximum 
velocity and which probably will decrease again with increasing forces, but the 
velocity will never become negative.
The iterative non-linear regression analyses, which were performed 
separately for dog and human data, showed that the best fits for dogs and 
humans were reached with estimates for Vmax, Fmax, and Fb that were close 
together. The best estimate for Vmax for dog second premolars was 
calculated to be 0.28 mm/w and for human canines 0.29 mm/w, and the width 
of the 95 per cent confidence interval in both species is approximately 0.7 
mm/w, indicating that there is no clear difference between the two. This 
supports the idea that the rate of bone turnover that can be induced by 
mechanical stress is not species specific.
The best estimate for Fmax for dog premolars was calculated to be 219 
cN, while it was 272 cN for human canines. These differences, however, are 
not significant, as the 95 per cent confidence intervals are 108 - 369 cN and 
132 -  462 cN respectively. This result is surprising at first sight, as the surface 
area of the roots of beagle dog 2nd mandibular premolars is about 1 cm2 5 and
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that of a human canine about 2.9 cm2 28. This means that the resulting 
pressure caused by a certain force on a dog premolar can be considered to 
be about three times as high as the pressure that it causes at a human canine.
An explanation might be that in the vast majority of the human canine 
studies tipping forces were used, while and in the dog studies bodily tooth 
movement was performed. These different types of movement are related to 
differences in stress distribution in the periodontal ligament, and therefore 
might be related to different biological responses. However, statistical analysis 
of "type of movement" as a co-variable showed that it had no significant effect. 
Another explanation could be that the range of force magnitudes that induces 
maximal biological response is larger than could be estimated from the 
present data and that additional data, especially in the high force range (right 
tail of the curve) are necessary to improve the accuracy of the estimation.
Comparison of our data with the models described in literature by 
Quinn and Yoshikawa1 shows that none of their models is properly supported 
by our data. Our study showed that a dose-response relation exists in the 
lower force range up to a certain force level, then a plateau is reached which 
can be considered as representative for the optimal force range. There is a 
tendency for the tooth movement to slow down when the force increases, but 
this is not conclusive due to the lack of data on higher forces. Furthermore it is 
not clear how far this decrease will go, nor whether movement will cease 
completely as is predicted by the third Quinn and Yoshikawa model (Fig. 1c). 
The other three models (A, B and D) show some principal differences from 
ours, as they predict either a constant rate of tooth movement or a continuous 
increase with increasing forces.
Moreover, all Quinn and Yoshikawa models assume that the force 
should exceed a certain threshold before the system is switched on, while in 
our model tooth movement is also possible with the application of minute 
forces. This indicates that very small changes in pressure can induce the 
biological responses necessary for the induction of bone turnover. One of the 
clinical consequences of these results is that it is virtually impossible to control 
anchorage. Very low forces as well as forces beyond the optimum level will 
lead to substantial tooth movement.
The present study shows that well-controlled clinical trials and animal 
experiments are needed to provide a better insight into the relation between 
orthodontic forces and rate of subsequent tooth movement. The model 
proposed in our study also needs to be refined by more complete data since 
the lack of data on high forces hinders its validation. As clinical and ethical 
considerations limit the possibilities to apply high forces on humans for
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research purposes, animal studies are indicated and beagle dogs could be a 
very good model for this purpose. The results of the present study are 
apparently not suited to predict the force-velocity relationship in an individual 
case since no simple mathematical relationship appears to exist between 
force magnitude and rate of tooth movement, probably due to lack of 
standardization in the experimental approach or to individual differences in 
biological responses. The validity of the model could probably be improved if 
more data from controlled experimental studies using low forces would be 
available. However, the data presented in this study provide a general 
description of the relation between orthodontic force and subsequent rate of 
tooth movement and this can be used as a theoretical frame work for future 
studies.
CONCLUSION
This study has shown that the maximum rates of tooth movement in humans 
and in dogs are not significantly different. It also has shown that from current 
literature no measurable threshold can be defined for the necessary force 
magnitude to switch on tooth movement nor for an optimal force or force 
range to produce the maximum tooth movement. A minute force may already 
be able to switch on tooth movement. This implies that higher forces as often 
used in orthodontic practice, do not necessarily produce more efficient tooth 
movement. On the contrary they may overload the periodontal tissues and 
result in negative effects, which in turn will hinder tooth movement.
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Rat as a model for tooth movement
ABSTRACT
This study was aimed to perform a systematic review on the use of rats as a 
model for experimental tooth movement, to give a critical evaluation of the use 
of elastics as a force delivery system, and to describe a newly-designed well- 
defined model for tooth movement in rats. The literature from 1981-2002 
indicates that in 57% of the animal studies on orthodontic tooth movement, 
rats are used. But in many of these studies the experimental set-up was 
poorly documented. Only 3 out of 159 studies fulfil the inclusion criteria for a 
good model: force magnitude less than 20 cN; moving molar(s) mesially; 
experimental duration longer than 2 weeks; and no extra experimental 
condition such as drug intervention. As more than one quarter of the studies 
on tooth movement in rats used elastics to produce an orthodontic force, and 
as the forces they produced and their force decay are unknown, we tested 
their mechanical characteristics. Elastics stored under dry conditions or in 
water showed significant force decay from around 45 N to almost 0 within the 
first 0.2 mm of decompression. In regard to the above mentioned 
shortcomings of using rats as a model for tooth movement, a newly-designed 
experimental appliance for tooth movement in rats was proposed and 
evaluated.
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INTRODUCTION
In spite of a century of experience in the orthodontic profession in moving 
teeth by force application, little is known of the basic mechanism behind this 
process. Approaches in daily orthodontic practice are rather based on clinical 
experience than on experimental data. Though optimal efficiency in tooth 
movement is the ultimate goal in clinical orthodontics, no evidence-based 
force regime can be recommended (Burstone, 1989; Ren et al., 2003a). For 
such a recommendation more knowledge is required on the relationship 
between the applied force system and tissue reactions in terms of remodelling 
of bone and periodontal ligament (PDL), and cellular response (Reitan and 
Kvam, 1971; Melsen, 1999). To achieve such knowledge, well-defined 
standardised, and reproducible force delivery systems are needed. This, 
together with a proper description of morphological and biomechanical 
properties of the tooth and its surrounding structures, will then enable the 
estimation of stresses and strains in the PDL during orthodontic tooth 
movement by validating finite element models simulating tooth movement.
Up to now a large number of experimental studies in a variety of animal 
species, such as rats, dogs, cats, and monkeys has been performed to get 
more insight into the biological response to orthodontic forces. These studies, 
however, did not initiate major clinical innovations (Ren et al., 2003a).
One of the major concerns related to animal experiments is whether 
findings can be extrapolated to the human situation. As the vast majority of all 
studies in experimental animals has been performed in rats, morphological 
and physiological differences between rat and human alveolar bone and PDL 
have to be considered. The alveolar bone of rats is generally denser than that 
in humans. It shows no osteons and its bone plates lack marrow spaces. The 
osteoid tissue along the alveolar bone surfaces is generally less abundant in 
rats than in humans (Reitan and Kvam, 1971). Some studies report that the 
extracellular matrix of rat bone contains relatively little acid 
mucopolysaccharides and the calcium balance of rats seems to be more 
controlled by intestinal absorption than by the bone tissue. Classical 
histological studies have also revealed structural dissimilarities in the 
arrangement of the periodontal fibres and the supporting structures (Romanos 
and Bernimoulin, 1990; Romanos et al., 1991). Finally tissue development 
during root formation and tissue changes incident to orthodontic treatment 
appear to be faster in rats than in humans, although their principal 
mechanisms are the same (Rygh, 1972; Kvam, 1967).
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Despite the differences, rats are generally considered to be a good 
model to study orthodontic tooth movement, which has several practical 
advantages. Firstly it is relatively inexpensive, which facilitates the use of 
large samples, housed for a longer period of time, and secondly, histological 
preparation of rat material is easier than, for example, dog material. A third 
important advantage is that most antibodies required for cellular and 
molecular biological techniques are only available for mice and rats, and 
finally transgenic strains are almost exclusively developed in small rodents. As 
mice are too small to place an effective orthodontic appliance, it is obvious 
that rats are the first choice in this field.
A thorough study of recent literature on experimental tooth movement 
in rats reveals that many of these studies show severe shortcomings, which 
are partly related to the physiology of the animals and partly to the design of 
the orthodontic appliance (Ren et al., 2003a).
Little attention has been paid to the physiological aspects, such as 
natural distal drift of molars or continuous eruption of incisors. Distal drift may 
lead to an underestimation of the experimental mesial molar movement, and 
continuous incisor eruption may lead to a poor definition of the anchorage and 
a deficient control of force direction, which in many cases hamper the 
interpretation of the data.
The design of experimental orthodontic appliances also often shows 
severe shortcomings. As the effect of an applied force on the tissues is related 
to the size of the tooth involved, the magnitude of the applied force should be 
related to its root surface area (Isaacson et al., 1993). Rat teeth are very tiny 
(a rat molar is approximately 50 times smaller than a human molar), which 
complicates the design of an efficient orthodontic appliance that is suited to 
produce a constant and continuous force in an acceptable force range.
Both clinical and animal studies have shown that there are several 
phases in tooth movement (Proffit and Fields, 2000). It takes from a few days 
to a few weeks to reach the so-called linear phase, where real tooth 
movement through the bone occurs. Therefore, studies aiming to describe the 
characteristics and biological response in the linear phase of tooth movement 
should have an experimental period of at least 2 weeks. Furthermore, as 
interrupted force application and changing force magnitude hamper the 
interpretation of the relationship between force and tooth displacement, 
constant and continuous forces are recommended for experimental research 
(Van Leeuwen et al., 1999).
In many studies on experimental tooth movement non-standardised or 
ill-defined springs or elastics were chosen as a force delivery system,
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although their force magnitude is largely uncontrolled and unknown. 
Especially, the definition of "elastics” is not clear. In most cases, the word 
"elastics” probably refers to elastomeric ligatures that are commonly used in 
orthodontic practice to ligate a wire into a bracket (Taloumis et al., 1997). 
These elastomeric ligatures are made of poly-urethanes whose exact 
composition is a commercial secret. Poly-urethane is a generic term given to 
complex polymers that contain urethane linkages.
The elastic properties of poly-urethanes are dependent on their 
composition, and most of them show non-ideal elastic characteristics, as their 
elasticity is time- and environment-dependent. The effect of time, temperature, 
salivary pH, and water absorption on force loss, permanent deformation and 
strength of elastomeric products such as bands, chains and ligatures has 
been reported in literature (Eliades et al., 1999; Nattrass et al., 1998; Baty et 
al., 1994). One common feature in these experiments is that the material 
properties were derived from tests under stretching condition, according to its 
application in a clinical setting. However, in case elastics are inserted 
inbetween rat molars to generate forces for experimental tooth movement, 
force delivery is not caused by stretching but by decompression. Unfortunately, 
force decay rate, amount of force decay and dimensional changes of 
elastomeric ligatures during decompression have not yet been seriously 
investigated.
In summary, though rats are the most often used animal for 
experimental study in tooth movement, general shortcomings seem to exist in 
experimental set-up of studies on rats from literature. Thus the aim of this 
study is to perform a systematic review on the use of rats as a model for 
experimental tooth movement, to give a critical evaluation of the use of 
elastics in this type of research, and finally to propose a well-defined 
experimental model for tooth movement in rats.
MATERIAL & METHODS 
Literature on experimental tooth movement in animals
The Medline database was used to search the publications in English from 
1981 to 2002 by the following search strategy:
#1 explode "Orthodontics" / all SUBHEADINGS in MIME, MJME 
#2 (tooth movement) or (tooth displacement)
#3 #1 and #2 
#4 (rat or rats) and #3 
#5 (dog or dogs) and #3
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#6 (primate*) and #3 
#7 (cat or cats) and #3 
#8 (mouse or mice) and #3 
#9 (rabbit or rabbits) and #3
#10 (guinea pig* or swine or ferret* or hamster* or gerbil*) and #3 
Analysis was performed on the results from #4 based on the following 
exclusion / inclusion criteria. Exclusion criteria: studies were excluded when 
none of the following information concerning tooth movement was mentioned 
in the text - force magnitude, duration of the experiment, direction of the 
movement. The remaining studies were then evaluated and listed by force 
magnitude, experimental teeth, direction of the tooth movement and duration 
of experiment. As a last step final inclusion criteria were applied as follows: 1. 
force magnitude < 20cN; 2. moving molar(s) mesially; 3. duration > 2 weeks; 4. 
no drug intervention.
Testing of elastics
"Silver” elastomeric ligatures (Sani-ties, GAC International, New York) were 
tested. Two groups of ten elastics were used. One group was stored under 
dry conditions and the other group was stored in water for 3 weeks before 
testing. The original thickness of the elastics was 0.8 mm, the inside diameter 
1.6 mm, and the outside diameter 3.0 mm. A universal testing machine 
(Instron model 1011, Instron Corp. Canton, Mass.) was used to test the force 
magnitude and the thickness of the elastics during decompression. The 
decompression rate of the elastics was set as 0.50 mm/min. The 
measurement error of the load cell was 1%. An elastic was stretched by 
stringing it to two pieces of dental floss which were pulled apart. Subsequently, 
it was inserted inbetween the loading cell and the stile. The stile was 
semicylindric with a diameter of 3.00 mm. The distance between the loading 
cell and the stile was set at 0.1 mm. Dental floss was then removed before 
testing. The reading of the force magnitude was recorded at every 0.05 mm of 
decompression. Student t-tests were performed to compare the mean force 
magnitudes between dry elastics and elastics stored in water at each 
decompression point.
Rat model
30 young rats (age = 6 weeks) were used for the experiment. A split-mouth 
design was used with the experimental side randomly chosen, and the contra­
lateral as control. For each experimental side an orthodontic appliance was
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made. Stainless steel ligature wires (0 0.2 mm,Dentaurum, Pforzheim, 
Germany) were bent to enclose all three maxillary molars as one unit, using a 
dry rat skull as a model. To this ligature wire a Sentalloy® closed coil spring 
(10 cN, wire 0  0.22 mm, eyelet 0  0.56 mm, GAC, New York, USA) was 
attached. A schematic drawing of the appliance system is shown in figure 1.
Figure 1. A schematical drawing of the proposed rat model.
The super-elastic properties of the springs and the delivered force were 
tested in a laboratory set-up at 38°C. The springs proved to deliver a 
reproducible force of 10 cN ± 2 cN over a range of 3 - 15 mm activation (Ren 
et al., 2003b).
Before the orthodontic appliance was placed, general anesthesia was 
induced with an intraperitoneal injection of FFM-mix containing fentanyl citrate 
0.079 mg/mL, fluanisone 2.5 mg/mL (Janssen animal health, Beerse, Belgium) 
and midazolam 2.5 mg/mL (Roche, Mijdrecht, The Netherlands) in a dosage 
of 2.7 mL/kg body weight. Oxygen was supplied during operation to facilitate 
breathing which may become temporarily difficult due to bleeding inside the 
nasal cavity. A transverse hole was drilled through the alveolar bone and both 
maxillary incisors at the mid-root level using a drilling bur (D0205, Dentsply, 
Montigny le Bretonneux, France). Cooling was performed with a syringe and 
physiologic saline. A stainless steel ligature wire (0  0.3 mm, Dentaurum, 
Pforzheim, Germany) was put through the hole.
The preformed orthodontic appliance was bonded on the experimental 
maxillary molar unit with light-curing bonding material (Clearfil SE BOND, 
Kuraray Europe GmbH, Düsseldorf, Germany). Bonding was applied until the
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buccal and palatal wires were completely embedded into the bonding material, 
then it was light cured. The Sentalloy® spring was kept free of bonding 
material at the mesial side of the pre-formed ligature. It was activated and 
subsequently attached to the ligature wire through the snout and the incisors.
Measurements with a digital caliper (Mitutoyo CO., Kawasaki, Japan) 
were performed at 0, 1, 2, 3, 4, 8, and 12 weeks under general inhalation 
anesthesia (isofluorane and N2O, Abbott B.V., Hoofddorp, The Netherlands). 
The distance between the most mesial point of the maxillary molar unit and 
the enamel-cementum border of the ipsilateral maxillary incisor at the gingival 
level was measured (I-M distance) at the experimental and the control side. 
The appliance were checked twice a week, and more bonding material was 
added when necessary.
After the intra-oral measurements, the animal was put in an especially 
designed rat cephaloshat for standardised radiography. A triangular wooden 
wedge was put under the mandible to assure a horizontal position. The 
position of the mandible was adapted in the horizontal plane until the pin stick 
of the cephaloshat pointed to the midline of nose. A tube connected to the 
isoflurane supply was placed with a funnel-shaped open end over the snout of 
rat. In this way the animal was kept sedated during the radiographic 
procedure. Kodak dental film (size 4) was used, the exposure time was set as 
0.6 sec based on our pilot results. The film focus distance was 1.0 m. The 
time needed for all above procedures was about 20 - 30 minutes. 5 rats were 
sacrificed at 1, 2, 4, 8 weeks, and remaining ones were killed at 12 weeks. 
The amount of tooth movement in experimental and control sides was 
compared across time by ANOVA. The mean rate of experimental tooth 
movement from 0 - 3 weeks was compared with that from 4 - 12 weeks by a 
paired t-test.
RESULTS 
literature search
Searching key words no.of publications
#1 explode "Orthodontics"
/ all SUBHEADINGS in MIME,MJME 11604
#2 (tooth movement) or
(tooth displacement) 2654
#3 #1 and #2 2512
#4 (rat or rats) and #3 175
#5 (dog or dogs) and #3 52
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#6 (primate and primates) and #3 
#7 (cat or cats) and #3 
#8 (mouse or mice) and #3 
#9 (rabbit or rabbits) and #3
31
23
15
12
#10 (guinea pig* or swine or ferret* or hamster* or gerbil*) and #3
12
175 studies on tooth movement were performed in rats which 
comprises 55% of 320 animal studies. Rats and dogs, as the most often used 
experimental animals, together comprise 71% of the studies; primates are 
used in 10% of the studies. Cats (7%), mice (5%), and rabbits (4%) and other 
animals were used less often.
After applying the exclusion criteria on all publications on tooth 
movement in rats, 153 publications remained. Figure 2A shows the 
distribution of the force magnitudes used in the above-mentioned 153 studies: 
20% of the studies used force magnitudes less than 20 cN, 37% of the studies 
used forces of 20 -  50 cN, and 12% of the studies used forces as high as 50 -  
100 cN, and 27% of the studies used elastics which produced forces of 
unknown magnitude.
Figure 2B shows that 74% of the rat studies used upper first molars as 
the experimental teeth; 7% used the lower first molar, and 10% used incisors. 
In 67% of the studies molars were moved into the mesial direction (Figure 2C). 
According to figure 2D, 40% of studies have an experimental duration less 
than 1 week, 31% of 1 -  2 weeks, and 18% of 2 -  4 weeks.
Only the following three studies met all inclusion criteria (force 
magnitude < 20cN; moving molar(s) mesially; duration > 2 weeks; no drug 
intervention):
• King et al., 1991 (using force of 20 cN, 40 cN and 60 cN)
• Keeling et al., 1993 (using force of 20 cN, 40 cN and 60 cN)
• Nixon et al., 1993 (using force of 20 cN, 40 cN and 60 cN)
Force decay of elastics
Figure 3 shows the decompression-force magnitude curve of dryand wet 
elastics. The initial force magnitudes as exerted at a stile- loading cell 
distance of 0.10 mm differed significantly between elastics stored in dry and
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Force magnitudes
>100cN
1% unknown
50-100cN 
12%
20-50cN’ 
37%
3% elastics
27%
<20cN
20%
Experimental teeth
incisors
10%
lower 1st 
molar 
7%
unknown
9%
©
upper 1st 
molar 
74%
Direction of tooth movement
unknown 
others 5% 
28%
mesially
67%
Duration of the studies
>4week
2-4 weeks 
18%
1-2 week 
31%
unknown
10%
<=1week
40%
Figure 2. Characteristics of the designs used in experimental studies on orthodontic 
tooth movement in rats, as retrieved from literature. A: Force magnitude; B: 
Experimental tooth; C: Direction of movement; D: Duration
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in wet conditions (42.3 N ± 2.98 N and 46.5 N ± 3.06 N respectively, p < 0.05). 
There is no general difference between dry and wet elastics in terms of force 
decay. In both situations, the high initial forces sharply decreased to 15 N 
(decompression of the elastics to 0.15 mm), 5 N (decompression to 0.20 mm), 
then to almost 0 (decompression to 0.30 mm).
decompression (mm)
Figure 3. Force decay curve of elastics. Solid circles are data from elastics stored in 
dry conditions, open circles are data from elastics stored in wet condition.
Rat model
Among 30 experimental animals, one rat died during the operation procedure, 
probably due to bleeding in the snout. This bleeding may have blocked normal 
breathing of the animal leading to suffocation. One young animal was 
excluded from the experiment at week 5 because obvious signs of stress, and 
one was excluded at week 3 because of appliance loss. The rest of the 
animals were in good state of welfare throughout the experiment.
Figure 4 shows that the change of I-M distance at the experimental 
sides was significantly larger than in control sides for each measuring point (p 
< 0.001). The I-M distance at the control sides remains almost unchanged. 
The I-M distance in experimental sides decreases over time, and the rate of 
this decrease slows down after 3 weeks.
Experimental tooth movement of the molar unit which is the tooth 
movement produced by orthodontic force over time, is the difference of I-M 
distance between experimental and control sides. It shows that the velocity of 
the experimental tooth movement is higher in the initial phase (0 - 3 weeks) 
than in the later phase (4 - 12 weeks) (p < 0.01). In figure 5 a series of 
standardised x-ray photographs at 0, 1, 2, 3, 4, 8, and 12 weeks is presented.
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Time in weeks
Figure 4. Tooth movement in young rats. Open circles indicate the mean decrease of 
I-M distance in experimental sides (± S.D.), solid triangles indicate the mean 
decrease of I-M distance in control side (± S.D.). Solid circles are the subtraction of 
the decrease of I-M distance in control sides from experimental sides (± S.D.), which 
is the experimental tooth movement proper.
It shows that continuous eruption of the upper incisors has been efficiently 
prevented, and that the force direction of the force exerted by the coil spring 
has been kept at the level of the occlusal plane throughout the whole 
experimental period.
DISCUSSION
In the majority of the animal experimental studies on orthodontic tooth 
movement found in literature, force was not measured at all or it has only 
been measured at the start of the experiment no matter how long the 
experimental period was. It is doubtful whether this uncontrolled experimental 
situation could produce reliable and interpretable data on the relation between 
force and tooth movement. To compare humans and rats an estimation of root 
surface areas may give an indication of force magnitude to be used. A human 
molar is approximately 50 times bigger than a rat molar, which means that the
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Figure 5. Series of standardized radiographs at 0, 1, 2, 3, 4, 8 and 12 week 
respectively.
effect of a 20 cN force on a rat molar is comparable with a force of 1000 cN (= 
1 kg) on a human molar. It is surprising to note that 80% of the reported studie 
s used forces over 20 cN or forces of unknown magnitudes on rats and in 
only 20% of the studies forces of 20 cN or less were applied (figure 2A).
In more than one quarter (27.5%) of the publications elastics were used 
to produce an orthodontic force in rats. The force delivered by elastics has 
never been properly described. Besides "elastic bands” as the most often 
used term, other terms like "elastic module”, "orthodontic elastics”, "elastic 
rubber” and "separating elastics” are widely used. Measurements on their 
initial forces or their force decay have never been published.
Some authors refer to their method as "Waldo’s method”, which seems 
to be the classical use of elastics to separate rat molars (Waldo and Rothblatt,
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1954). The original "Waldo’s method” was published in 1954, and the authors 
described the rubber bands as an orthodontic intermaxillary elastic No. 5. No 
details were provided about its composition, dimentions, or mechanical 
properties. The major drawback of this publication is that, although a 
theoretical analysis of force distribution on teeth and surrounding tissues and 
some histological micrographs have been given, no data have been presented 
on the force decay of the elastics. Up to now no attempt has been published 
to judge the scientific merits of this "Waldo’s method”. For a proper 
interpretation of our measurements on the mechanical properties of the 
elastics, the dimentions of the rat dentition have to be taken into consideration. 
The inter-molar supragingival space between rat maxillary first and second 
molars can be estimated as 0.12 mm in width. Thus the initial force delivered 
by the elastics after insertion was as high as approximately 45 N (Figure 4). If 
one would translate that to the human situation, it should be compared to a 
force of 225 kg. Studies in dogs have shown that the initial displacement 
within the first minute is limited to approximately 0.02 mm (Van Driel et al., 
2000). If it is assumed that the mechanical characteristic of dog’s and rat’s 
PDL are similar, one can reason that in the very initial stage, the elastics 
probably are decompressed to approximatedly 0.16 mm. This would mean a 
decrease in force from 45 N to approximately 15 N. The normal width of the 
PDL of a rat molar is approximately 0.12 - 0.15 mm (Tengku et al., 2000). This 
means that, when the PDL at the mesial side of first molar and the distal side 
of second molar are maximally compressed, the distance between the molars 
occupied by the elastic might range from 0.36 mm to 0.42 mm. However, this 
maximal compression of PDL is only theoretically possible. Dog studies have 
shown that the initial compression of the PDL stabilized after approximately 5 
hours after a total movement of approximately 0.06 mm (Van Driel et al.,
2002). If applying these data on rat model, then the decompression of elastics 
at this stage leaves a space of approximately 0.24 mm between molars which 
produce about 5 N force. It is obvious that the PDL of the first and second 
teeth is severely loaded in the first few hours after placing an elastic band to 
separate these teeth,. Morphological studies in rats and mice have already 
revealed that tissue damage and remodelling start within a few hours (Brudvik 
and Rygh, 1993a,b).
In the other rats studies, a variety of coil springs was used. The 
composition of these springs is mostly unknown, and the initial force 
magnitude has been given more often according to the manufacturer’s 
specification than according to testing results. Furthermore in the majority of
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the studies no attempt has been made to measure force decay during the 
experimental period.
To compare tooth movement in humans and in rats, mesial molar 
movement is favourable. Molars should be used because rat incisors have a 
completely different morphology, and mesial movement is indicated because 
the buccal side has a very limited amount of bone which is also more compact 
than the bone at the mesial side. The design of most rat studies meets this 
preference.
When using the inclusion criteria as mentioned before only 3 studies 
fulfil all criteria (King et al., 1991; Keeling et al., 1993; Nixon et al., 1993). 
These studies are actually from the same research group and their data are 
most probably retrieved from the same animal experiment or at least based on 
the same animal model. However, the rat model used in these studies is not 
recommendable (for a detailed description of this model see King et al., 1991). 
Firstly, only the initial force was controlled, and there was no reactivation. 
They used a force of 20 cN as the lowest force, but they used also forces of 
40 cN and 60 cN, which are rather high. Secondly, the authors reported that 
the success rate for the appliance in the surviving animals was 79% and the 
animals showed a tendency to lose weight during the experiment (King et al., 
1991). In order to eliminate extraneous forces from occlusion and tissue 
impingement from the appliance, the mandibular first and second molars were 
extracted. All above-mentioned points indicate poor animal welfare. The 
longest experimental period in these studies was just 2 weeks. It is doubtful 
whether this model is still applicable if the experimental period is for example 
12 weeks as in the new model. Thirdly, continuous eruption of incisors was 
not taken into account in appliance design, though the distal drift of maxillary 
molars has been calculated.
In the new rat model a split-mouth design was chosen because of the 
confounding effects of the physiological distal drift of the molars, the 
physiological growth of the snout and the concomitant forward movement of 
the incisors, the continuous eruption of the incisors and the possible distal 
tipping of the incisors that are used as anchorage. Compensation for these 
effects was achieved by calculating the differences between the incisor-molar 
distances at the experimental and the control sides. The changes in these 
differences were used as a measure of actual experimental tooth movement 
caused by the orthodontic appliance (Ren et al., 2003b). X-ray photographs 
showed that the appliance stayed in position very well, obvious tooth 
movement could already be seen from the radiographs, and continuous 
eruption of the upper incisors has been effectively prevented. Abrasion of the
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maxillary incisors has been compensated for overeruption of mandibular 
incisors. Direction of the force by the coil spring has been kept at the level of 
occlusal plane over 12 weeks. As the springs proved to deliver a constant and 
continuous force of around 10 cN over a range of 3 - 15 mm activation, there 
is no need for reactivation during the experimental period. As a force of 10 cN 
was divided over all three molars, the effect could be estimated to be the 
same as a force of 170 cN (10/3 cN X 50) on a human molar. This is a 
considerable improvement compared to the use of 20 cN on one rat molar, as 
reported in literature, as the effect of such a force is comparable to a force of 
1000 cN on a human molar, which is far too high. As the effect of occlusal 
interdigitation on experimental tooth movement is not definite, the new model 
did not take this factor into consideration. The I-M distance in control sides 
remains almost unchanged throughout the experiment. This is the combined 
result from the decrease of I-M distance due to tipping of the incisors, the 
increase of I-M distance due to forward growth of the snout, and distal drift of 
the molars. Although the force magnitude was the same over time, tooth 
movement slowed down after 3 weeks. This might be explained by the 
regional morphological differences in alveolar bone. From Reitan’s 
experiments (Reitan and Kvam, 1971), it is known that the local structure of 
the alveolar bone (i.e. bone density) has an influence on the rate of tooth 
movement. Regional differences in bone morphology have been indicated in 
the rat mandible: the alveolar bone mesial of the first molar becomes more 
compact in the mesial direction. The same morphological characteristics may 
hold true in the maxilla as well, which means in the course of mesial tooth 
movement resistance in bone was not constant but increased, and 
consequently the rate of tooth movement would be expected to slow down.
CONCLUSION
Though rats were generally thought to be a good model for study of 
orthodontic tooth movement, there are a lot of severe shortcomings in the 
experimental designs reported in literature. The use of elastics is not indicated 
to provide a controlled force delivering system for experimental tooth 
movement studies in rats. The newly designed appliance is proved to be 
stable and simple and is able to deliver a continuous and constant force as 
low as 10 cN on all 3 molors together during an experimental period as long 
as 12 weeks without interference of animal welfare, and is able to compensate 
the effects of molar distal drift and incisor continuous eruption.
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ABSTRACT
Orthodontic procedures in adults seem to be more time-consuming than in 
juveniles. This might be related to delay in the initial tissue response or to a 
slower turnover of the bone and periodontal ligament in adults. To study this 
problem orthodontic tooth movement was carried out in two groups of 30 rats, 
aged 6 weeks and 9 - 12 months respectively. At one side of the maxilla three 
molars together were mesialised with a standardized orthodontic appliance 
delivering a force of 10 cN. The other side served as a control. The results 
showed a faster initial tooth movement in juvenile than in adult animals. 
However, once tooth movement had reached the linear phase, the rate of 
tooth movement was the same in both groups. The results indicate that 
besides a delay in the onset of tooth movement in adult animals, tooth 
movement could be equally efficient in adults once tooth movement had 
started.
KEY WORDS: orthodontics, tooth-movement, velocity, age-effect, rats
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INTRODUCTION
Although a tremendous increase in the demand for adult orthodontic therapy 
was seen in the past decades, our knowledge on efficiency of adult tooth 
movement is still rather incomplete. Clinical experience has shown that tooth 
movement through the alveolar bone in adults indeed is possible using 
treatment modalities based on experiences in adolescents. However, certain 
treatments seem to be more time-consuming in adult than in juvenile patients. 
This led Goz (1990) to the conclusion that in adults the biological possibilities 
for tooth movement are decreased to about one third of those found in 
children.
This might be due to the biological limitations of the adult bone, as it is 
well known that during aging the bone composition changes, its cells become 
less reactive and its metabolism slows down (Klingsberg et al., 1960; 
Baunhammers et al., 1965). Another possible cause might be the use of 
inappropriate stimuli, because the biological requirements to induce optimal 
tissue response in young and adult individuals may be different (Melsen, 
1991).
On the other hand Bond (1972) and Melsen (1991) suggested that in 
the clinical situation adults and juveniles are equally responsive to mechanical 
stimuli once tooth movement has started and that the longer treatment 
duration in adults might be caused by a delay in the initial response. However, 
these ideas are only experience-based and not evidence-based. Up to now 
never an attempt has been made to conduct a clinical or experimental study 
on the age-related changes in bone reactivity to orthodontic treatment using 
standardised and reproducible methods of force application over a longer 
period of time.
The few experimental studies on age effects on orthodontic tooth 
movement have been performed in rodents. Some of them indicate that tooth 
movement occurs at higher rates and over a greater distance in young than in 
adult rats (Bridges et al., 1988; Takano-Yamamoto et al., 1992; Kyomen and 
Tanne, 1997), while others (Jager and Radlanski, 1991; Kabasawa et al., 
1996) found similar osteoblastic and osteoclastic activity during orthodontic 
tooth movement in young and adult rats.
There are, however some common drawbacks in these studies. The 
forces are either not defined as separation elastics were used (Jager and 
Radlanski, 1991; Kabasawa et al., 1996), or were rather large. Bridges et al. 
(1988) used 60 cN, Kyomen and Tanne (1997) used 10 and 40 cN, and 
Takano-Yamamoto et al., (1992) used forces ranging from 5 to 20 cN to move
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a first molar. As a rat molar is about 60 times smaller than a human molar, 
even a force of 5 cN has to be considered to be a heavy one. A second 
problem is that the definition of "adult” differed from study to study. It ranged 
from 14 weeks (Kyomen and Tanne, 1997) to 71 weeks (Jager and Radlanski,
1991). Finally, the observation periods in these studies were relatively short: 
one or two weeks in most cases. Previous research has shown that tooth 
movement can be divided in several phases and it takes quite some time 
before the linear phase is attained and "real” orthodontic tooth movement 
occurs (Pilon et al., 1996). So, research focusing only on early phases of tooth 
movement may elicit misleading results. Furthermore in many cases some 
specific features of rodents such as continuous eruption of incisors and 
physiological distal drift of molars were not taken into account. Continuous 
eruption of the incisors may affect the direction of the applied force as incisors 
are often used as anchorage, and distal drift might camouflage the amount of 
real experimental tooth movement.
The present study was meant to investigate the effect of age on 
experimental tooth movement in rats using a standardized appliance, in which 
magnitude and direction of force was kept constant. The longest observation 
time was 12 weeks, which has been proven to cover all phases of tooth 
movement. The null hypothesis tested is that there is no difference in rate of 
tooth movement between adult and young rats in both initial and linear phases.
MATERIALS AND METHODS 
Experimental Design
Two groups of 30 male Wistar rats were used as experimental animals. Young 
rats were 6 weeks old (body weight: 150 - 250 g) and adult rats were 9 - 12 
months old (body weight: 400 - 550 g). The animals were acclimatized for at 
least 1 week before the experiment started. The animals were housed under 
normal laboratory conditions and they were fed powdered laboratory rat chow 
(Sniff, Soest, The Netherlands) and water ad libitum. A standard 12-hour light- 
dark cycle was maintained. Ethical permission for the study was obtained 
according to the guidelines for animal experiments of the University of 
Nijmegen.
A split-mouth design was used with the experimental side randomly 
chosen, and the contra-lateral as control. For each experimental side an 
orthodontic appliance was made. Stainless steel ligature wires with a diameter 
of 0.008” (Dentaurum, Pforzheim, Germany) were bent to enclose all three 
maxillary molars as one unit, using a dry rat skull as a model. To this ligature
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wire a Sentalloy® closed coil spring (10 cN, wire 0  0.009”, eyelet 0  0.022”, 
GAC, New York, USA) was attached. At one side of the spring the eyelet was 
removed. The remaining length was about 6 mm. A schematic drawing of the 
appliance system is shown in figure 1. The super-elastic properties of the 
springs and the delivered force were tested in a laboratory set-up at 38°C. 
Five springs were randomly chosen from a package of 80. Over 150 
measurements were collected for the testing of each spring. The springs 
proved to deliver a reproducible force of 10 cN ± 2 cN over a range of 3 - 15 
mm activation (figure 2).
Figure 1.
Schematic view of the orthodontic 
appliance design.
Two incisors are pinned together by a 
ligature wire going through the snout. 
Three molars are circled by a ligature 
wire and bonded together by a light-cure 
material. A force of 10 cN is applied by 
a super-elastic spring.
Activation length (mm)
--------  10 cN super-elastic spring in vitro testing (in 38oC)
Figure 2. Force-deflection curve of 10 CN coil springs used in this study.
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Placement of Appliance
Before the orthodontic appliance was placed, general anesthesia was induced 
with an intraperitoneal injection of FFM-mix containing fentanyl citrate 0.079 
mg/mL, fluanisone 2.5 mg/mL (Jansen Animal Health, Beerse, Belgium) and 
midazolam 2.5 mg/mL (Roche, Mijdrecht, The Netherlands) in a dosage of 2.7 
mL/kg body weight. Oxygen was supplied during operation to facilitate 
breathing which may become temporarily difficult due to bleeding inside the 
nasal cavity.
Before placing the orthodontic appliance, a transverse hole was drilled 
through and through the alveolar bone and both maxillary incisors at the mid­
root level using a drilling bur (D0205, Densply, Mortigny le Bretonneux, 
France). Cooling was performed with a syringe and physiologic saline. A 
stainless steel ligature wire (0  0.012”) (Dentaurum, Pforzheim, Germany) was 
put through the hole.
The preformed orthodontic appliance was bonded on the experimental 
maxillary molar unit with light-curing bonding material (Clearfil SE BOND, 
Kuraray Europe GmbH, Düsseldorf, Germany). Bonding was applied until the 
buccal and palatal wires completely were embedded into the bonding material, 
then it was light cured. The Sentalloy® spring was kept free of bonding 
material at the mesial side of the pre-formed wire. It was activated and 
subsequently attached to the ligature wire through the snout and the incisors.
Measurements with a digital caliper (Mitutoyo CO., Kawasaki, Japan) 
were performed under general inhalation anesthesia (isofluorane and N2O, 
Abbott B.V., Hoofddorp, The Netherlands) at 0, 1, 2, 3, 4, 8, and 12 weeks 
after appliance activation. The distance between the most mesial point of the 
maxillary molar unit and the enamel-cementum border of the ipsilateral 
maxillary incisor at the gingival level was measured (I-M distance) at the 
experimental and the control side. A split-mouth design was indicated 
because of the confounding effects of the physiological distal drift of the 
molars, the physiological growth of the snout and the concomitant forward 
movement of the incisors, and the possible bilateral distal tipping of the 
incisors that are used as anchorage. Calculating the differences between the 
I-M distances at the experimental and the control sides achieved 
compensation for these effects. The changes in these differences were 
considered to represent the actual experimental tooth movement caused by 
the orthodontic appliance. They were expressed as positive values.
The same investigator (YR) performed all measurements and every 
measurement was repeated three times. The mean value of each triplet was
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used as the final measurement. Appliance condition, oral hygiene and body 
weights were checked once a week. Bonding material was added if necessary. 
Five rats from each group were sacrificed after time point of 1, 2, 4, 8 and 12 
weeks for future histological and immunohistochemical studies.
Statistics
The intra-observer measurement error appeared to be 0.07 mm in young rats 
and 0.05 mm in old rats. The reliability coefficient was 0.99 in both. Previous 
studies on orthodontic tooth movement have shown that time-displacement 
curves roughly can be divided in a non-linear and a linear phase. Therefore 
the time-displacement curves in the present study were divided into two 
phases, a non-linear phase (0 -  3 w) and a linear phase (4 -  12 w). Statistical 
analysis was performed on the data over the total period and on the data for 
the two phases.
All data were normally distributed and paired t-tests could be performed 
to analyze the differences between experimental and control sides within each 
rat. T-tests for independent measurements were applied for the comparison of 
young and adult animals. Significant differences were indicated if p < 0.05.
RESULTS
As a result of decreased eruption and abrasion the crown of maxillary incisors 
shortened to some degree during the experimental period and the mandibular 
incisors overerupted to compensate for this. A slight palatal tipping of the 
incisors was observed but no visible rotation of incisor to experimental side 
was present. The activation of the spring remained parallel to the maxilla 
throughout the experimental period. The amount of experimental tooth 
movement was defined as the difference of the I-M distance (Incisor - Molar 
distance) at the experimental and the control side, expressed as a positive 
value.
Table 1 shows the changes of I-M distances at experimental sides as 
compared to the changes at control sides for each time interval in young and 
old rats. All comparisons between the two sides showed a significant 
difference for each time interval (p < 0.001).
Figure 3 shows the experimental movement of the molar unit produced 
by orthodontic force over time for young and adult animals. The total amount 
of experimental tooth movement for young animals was larger than for adults 
Table 1. Changes of the I-M distance in mm (mean ( SD) for young rats over 
different time intervals
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Time interval Number Experimental Control Difference
In weeks of rats (ETM+G+DD+IT) (G+DD+IT) (ETM)
Young
0-1 30 0.75 ± 0.33 0.20 ± 0.19 0.56 ± 0.33
0-2 25 1.30 ± 0.33 0.25 ± 0.29 1.05 ± 0.41
0-3 20 1.72 ± 0.55 0.22 ± 0.31 1.50 ± 0.66
0-4 20 2.04 ± 0.58 0.31 ± 0.30 1.73 ± 0.60
0-8 15 2.56 ± 0.59 0.09 ± 0.31 2.47 ± 0.44
0-12 7 2.87 ± 0.46 0.18 ± 0.32 2.69 ± 0.62
Adult
0-1 30 0.47 ± 0.25 0.21 ± 0.15 0.26 ± 0.22
0-2 25 0.66 ± 0.24 0.28 ± 0.19 0.38 ± 0.28
0-3 20 0.90 ± 0.31 0.38 ± 0.17 0.52 ± 0.25
0-4 20 1.14 ± 0.36 0.52 ± 0.20 0.62 ± 0.31
0-8 15 1.82 ± 0.36 0.67 ± 0.22 1.15 ± 0.32
0-12 9 2.16 ± 0.58 0.93 ± 0.20 1.23 ± 0.56
Experimental measurements are determined by four effects: ETM (Experimental 
tooth movement), G (growth of snout), DD (distal drift of molars), and IT (incisor 
tipping); Control measurements are determined by three effects: G, DD, and IT; The 
difference between experimental and control measurements is ETM.
Paired t-test: p < 0.001 for all time intervals.
for each measuring point (p < 0.001). The initial period (0 -  3 w) showed a 
faster movement for the young than for the adult animals (p < 0.001). For the 
linear phase (4 - 12 w), however, no difference in the rate of tooth movement 
for the two age groups was found (p = 0.32).
DISCUSSION
Most of the animal experiments on orthodontic tooth movement have been 
performed in rats. Forces are mostly derived from separation elastics or from 
coil springs delivering forces such as 40cN, 60 cN, or even 120cN, 200cN to 
move a first molar (King and Keeling 1994; King and Fischlschweiger 1982). 
Considering the tiny size of rat first molars, forces exerted by this kind of 
forces can be detrimental. Few authors describe the use of lower forces such 
as 15 or 10 cN, but the way the forces have been measured and controlled 
remains unclear (Takano-Yamamoto et al., 1992; Kagayama et al., 1996; 
Karsten et al., 1997).
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time in weeks
Figure 3. Experimental tooth movement in mm (mean and standard deviation) during 
the experimental period in young and adult rats.
—•—: Decreased distance between first molar and incisor at experimental sides 
substract that at control sides in young rats, refered as real tooth movement of molar 
unit produced by orthodontic force;
■ : The same as above, but in adult rats. All error bars are standard deviation.
The present study used a Sentalloy® super-elastic coil spring 
delivering a constant force of 10 cN on the three molars together as one unit. 
A split mouth design as chosen for this study overcomes three important 
problems: the physiological distal drift of the molars (Kraw and Enlow, 1967), 
the undesired movement of the anchorage unit and the growth of the snout, 
especially in young animals (Baer et al., 1983).
The continuous eruption of the maxillary incisors was blocked and the 
incisors were shortened and abrased to some degree during the experiment, 
but over-eruption of mandibular incisors compensated for that. Slight tipping 
movement of incisors may have affected the stability of the anchorage. But as 
this was the same for experimental and control sides because both incisors 
were anchored to each other and to the bone, and as no obvious rotation was
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found, this was considered to be overcome by the split-mouth design. Based 
on these assumptions, the amount of the experimental tooth movement was 
defined as the difference between the I-M distance (Incisor - Molar distance) 
at experimental and control sides. These results then included the correction 
of the experimental data for all three types of bias concerning tooth movement 
mentioned above, which most other studies failed to overcome.
The difference of control measurements between young and adult rats 
might be explained by growth cessation in the adults. This means that the 
growth of the snout, which compensated the decrease of I-M distance in 
young rats, played no role in adult rats. Thus the decrease of I-M distance 
was more in young than in adult rats. But as the effect of growth was 
compensated by calculating the difference between experimental and control 
measurements, it had no influence on the estimation of experimental tooth 
movement.
The results from this study only partly supported our hypothesis that 
there was no difference in rate of tooth movement between young and adult 
rats. It appeared that in the initial phase, experimental tooth movement in the 
adult animals was slower than in the young animals, however, such a 
difference between the age groups was not found in the linear phase. The fact 
that young and adult rats showed comparable rates of tooth movement in the 
linear phase indicates that the bone turnover capacity itself is not age- 
dependent, and that the slower initial tooth movement in adult animals might 
be caused by a delay in the initial biological response.
One possible explanation for this delay in initial response in adult 
animals might be related to the structure of aged periodontal ligament and to 
reduced bone activity. An overall reduction in organic matrix production in the 
periodontal ligament, a decrease in the mitotic activity of cells, and also a 
decrease in amount of soluble collagen have been described in the literature 
(van de Velden 1984). Significant differences in the proliferative activity of 
PDL cells between young and adult rats were also found during the early 
stage of tooth movement (Kyomen and Tanne 1997). Concerning the age 
effect on bone activity, there is evidence that bone-formative activity of 
osteoblasts and bone-resorptive activity of osteoclasts decrease with age 
(Nishimoto et al., 1985; King et al., 1995), but also in adults these cells may 
recover a highly-activated state under orthodontic stimuli (Kabasawa et al.,
1996). This reactivation in adults, however may take more time than in 
juveniles.
On the other hand, the periodontal ligament in rats becomes narrower 
with age (Abiko et al., 1998). This might explain that if an orthodontic force is
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applied to the tooth of an adult, hyalinised tissue at the pressure side is more 
easily formed than in young individuals (Kabasawa et al., 1996). Such 
hyalinisations always are followed by a prolonged period without tooth 
movement, which might provide another explanation for the delay in initial 
tooth movement.
Further histological and immunohistochemical studies will help to 
elaborate the mechanism of this delay.
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Osteoclast differentiation during tooth movement
ABSTRACT
Standardised orthodontic tooth movement was performed in two groups of 30 
rats, aged 6 weeks and 9-12 months respectively. The three maxillary molars 
at one side were mesially moved as one unit by a Sentalloy closed coil spring 
delivering a force of 10 cN. At 1, 2, 4, 8, and 12 week groups of animals were 
killed. The other side served as a control. Osteoclast were identified by ED1 
staining and the numbers at the mesial and distal sides of roots of the second 
and third molars were counted. At control distal sides, the number of 
osteoclast seemed to decrease slowly with age. At experimental mesial sides, 
young rats showed an increase in the number of osteoclasts, which reached a 
peak at week 2. In adults this increase started slower. In young rats a positive 
correlation between the rate of tooth movement and the number of osteoclasts 
was found. The results indicate that orthodontic forces induced faster 
osteoclast differentiation in young rats. This may explain the initial delay in 
tooth movement in adult animals as well as in adult patients as often reported. 
KEY WORDS: Osteoclast, immunohistochemistry, tooth movement, 
orthodontics, rats
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INTRODUCTION
Orthodontic tooth movement is dependent on the ability of periodontal and 
bone related cells to react to mechanical stimuli. The most prominent features 
are the remodelling of the periodontal ligament and the resorption and 
deposition of alveolar bone. The rate at which a tooth can move through the 
bone is supposed to be restricted primarily by the number and activity of 
osteoclasts (King and Keeling, 1991; Melsen, 1999). It has been reported that 
the amount and the rate of experimental orthodontic tooth movement in the 
first two weeks were greater in younger rats than in older ones (Bridges et al., 
1988). A later study showed comparable differences between young and adult 
rats in the first weeks of experimental tooth movement, but these differences 
were temporarily, and no difference in the rate of tooth movement was found 
anymore from 4 to 12 weeks (Ren et al., 2003). Animal experiments also 
indicated that the remodelling processes of the periodontal tissues during 
tooth movement were qualitatively similar in aged and younger animals 
(Weiss, 1972; Bridges et al., 1988; Jager and Radlanski, 1991), and that the 
reactivity of alveolar bone to orthodontic stimuli was irrespective of age too 
(Shimpo et al., 2003). Mechanically stressed alveolar bone revealed no 
evidence of a numerical difference in number, size, or activity of osteoclasts 
and osteoblasts between young and old rats (Kabasawa et al., 1996; King et 
al., 2000).
From these experiments it could be concluded that the start of 
orthodontic treatment in adult animals is slower than in juveniles, but once 
tooth movement has started the rate is the same. If this is true, it may be 
reflected in the initial change of the number and activity of osteoclasts during 
experimental orthodontic intervention. Therefore the aim of this study was to 
evaluate osteoclast differentiation during orthodontic tooth movement in young 
and adult rats using ED1 staining. The hypotheses to be tested are largely 
based on the findings from previous studies: 1. in the initial phase, the number 
of osteoclasts in young rats is higher than in adult rats; 2. in the late phase, 
the number of osteoclasts in young and adult rats are the same; 3. the rate of 
tooth movement is correlated to the number of osteoclasts in individual cases.
MATERIALS AND METHODS 
Experimental Design
Two groups of 30 male Wistar rats, aged 6 weeks and 9 - 1 2  months 
respectively, were used as experimental animals. The animals were
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acclimatized for at least one week before the experiment started. The animals 
were housed under normal laboratory conditions and they were fed powdered 
laboratory rat chow (Sniff, Soest, The Netherlands) and water ad libitum. 
Ethical permission for the study was obtained according to the guidelines for 
animal experiments of the University of Nijmegen.
A split-mouth design was used with the experimental side randomly 
chosen, and the contra-lateral side as control. A standardised orthodontic 
appliance was placed, after general anaesthesia was induced with an 
intraperitoneal injection of FFM-mix containing fentanyl citrate 0.079 mg/mL, 
fluanisone 2.5 mg/mL (Janssen Animal Health, Beerse, Belgium) and 
midazolam 2.5 mg/mL (Rosteoclasthe, Mijdrecht, The Netherlands) in a 
dosage of 2.7 mL/kg body weight. The appliance has been described 
extensively elsewhere (Ren et al., 2003). It is able to deliver a constant and 
continuous force of 10 cN over a long period of time and a wide range of 
activation. Briefly, a transverse hole was drilled through the alveolar bone and 
both maxillary incisors at the mid-root level. A stainless steel ligature wire was 
put through the hole. The preformed orthodontic appliance was bonded on the 
experimental maxillary molar unit, consisting of all three molars. A Sentalloy® 
spring was activated and subsequently attached to the ligature wire through 
the snout and the incisors to move the molar unit mesially.
The amount of experimental tooth movement was measured intra-orally 
with a digital caliper (Mitutoyo CO. Kawasaki, Japan) under general inhalation 
anesthesia (isofluorane and N2O, Abbott B.V., Hoofddorp, The Netherlands) 
at 0, 1, 2, 4, 8, and 12 weeks after appliance activation.
At 1, 2, 4, 8 and 12 wk animals of both age groups were killed for 
histological and immunohistochemical evaluation. The rate of experimental 
tooth movement over the preceding period in each individual animal was 
calculated in mm/week.
Material preparation
Prior to sacrifice, the rats received an overdose of anesthetic and were 
perfused through the left heart ventricle with 4% fresh-made 
paraformaldehyde solution in 0.1M PBS, pH 7.4, at body temperature. After 
perfusion, the right and the left halves of the maxillae were dissected and 
placed in 4% paraformaldehyde for 24 hours at 4°C, then rinsed in 0.1M PBS 
(pH 7.4). After decalcification in 10% EDTA and paraffin embedding, 
parasagittal 7 ,^m sections were cut. Sections were collected on
85
Chapter 6
SuperFrost/Plus slides (Menzel-Glaser, Braunschwieg, Germany), and 
stained with H&E for general tissue survey.
Immunohistochemistry
Paraffin sections were deparaffinated and rehydrated. Before staining, the 
slides were rinsed in phosphate-buffered saline (PBS) for 10 minutes. For 
ED1 staining, the sections were pre-incubated with 0.1% trypsine in Tris/HCL 
buffer for 10 minutes at 37°C for antigen retrieval. After washing in PBS, they 
were treated with 3% H2O2 in PBS for 10 minutes and rinsed in PBS. The 
sections were incubated with 5% PBSA (Sigma, St Louis, USA). After pre­
incubation, the sections were incubated with ED1 mouse-anti-rat monoclonal 
antibody (Instruchemie, Delfzijl, The Netherlands) overnight. After washing 
with PBS, the sections were incubated with biotin-SP-conjugated affinipure 
donkey anti-mouse lgG (Jackson ImmunoResearch, Westgrove PA, USA) for 
45 minutes. After washing with PBS, the sections were treated with ABC- 
peroxidase (Vector laboratories, Burlingam CA, USA). Peroxidase activity was 
visualised by incubation with Sigma Fast™ (Sigma, St Louis, USA). The 
staining was enhanced by incubating the samples with 0.5% CuSO4 in a 0.9% 
NaCl solution for about 5 minutes. Immunohistochemical controls included 
replacement of the primary antibody with PBS.
Osteoclast counting protocol
Since the three maxillary molars were moved mesially as one unit with many 
roots, bone activity at any root should be representative for the rest. 
Depending on the availability in sections three roots were chosen. Three 
sections with an interval of 20 - 25 sections, cut through the pulp of one or 
more study roots, were selected for each study side. In each section 
osteoclasts were identified and counted at the mesial and distal sides of the 
selected roots. Cells were considered to be osteoclasts if they were 
multinucleated , ED1 positive, and located on or close to bone surfaces (Jager 
et al., 1993). Osteoclasts involved in undermining resorption were not 
included. Nine counts per side (3 study roots x 3 study sections) were 
averaged as the mean number of osteoclasts per root for each study side. All 
countings were performed by one investigator (YR).
Statistics
All data were normally distributed. Paired t-tests were performed to analyze 
the differences in the number of osteoclasts between experimental and control
86
Osteoclast differentiation during tooth movement
sides within each group. T-tests for independent measurements were applied 
for the comparison of the number of osteoclasts between young and adult rats 
at each point in time. Significant differences were indicated if p < 0.05.
A previous study showed that time-displacement curves can be roughly 
divided in an early phase (0 -  3 wk) and a late phase (4 -  12 wk) (Ren et al.,
2003) and the rate of tooth movement over the preceding period in both 
phases within and between groups was compared by t-test.
Pearson Correlation Coefficients were calculated for the individual 
number of osteoclasts and the rate of tooth movement within young and adult 
groups.
RESULTS
ED1 positive cells were found throughout the entire periodontal ligament. 
Mononuclear cells were mostly paravascularly localized. In regions of frontal 
bone resorption osteoclasts could be easily recognised (figure 1).
Figure 1. Morphological demonstration of osteoclasts by ED1 staining. Right side 
indicated the experimental mesial side, left side indicated the experimental distal side. 
Upper left: young rat, 1wk; upper right: adult rat, 1wk; lower left: adult rat, 12wk; 
lower right: adult rat, 12wk.
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Figure 2a
Figure 2b
Figure 2. Mean and S.D. of the number of osteoclasts in control mesial and distal 
sides. 2a: young rats, 2b: adult rats
In control mesial sides young and adult rats both showed a minimal 
number of osteoclasts (figure 2a, 2b). In control distal sides of the young 
group the mean number of osteoclasts was 13 ± 4 over the whole period, with 
a temporary increase at week 2 to 18 ± 5, and a tendency of slight decrease 
at week 8 -  12 to 11 ± 4. The mean number of osteoclasts in control distal 
sides of the adult rats amounted 8 ± 3, with a tendency of slight decrease over 
time.
In experimental mesial sides, the number of osteoclasts in young rats 
increased first, reached a peak at week 2 when the mean number was 15 ± 6, 
decreased thereafter, and stablized at week 8 -  12 at a mean number of 4 ± 3 
(figure 3a). In adults the increase in osteoclast numbers at the experimental 
mesial sides started slower, and it was not found before week 4, when the 
osteoclast mean number had increased from 5 ± 3 to 14 ± 5 (figure 3b). In 
experimental distal sides, both young and adult rats had no obvious change 
across time in the number of osteoclasts. Over the whole period the mean
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Figure 3a
Figure 3b
Figure 3. Mean and S.D. of the number of osteoclasts in experimental mesial and 
distal sides. 3a: young rats, 3b: adult rats
Figure 4
Figure 4 The number of osteoclasts induced at the mesial side by the experimental 
intervention, calculated by subtraction of the control data from the experimental data. 
Solid triangles for the young rats, open triangles for adult rats.
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osteoclast number was 3 ± 3 for the young rats and 3 ± 4 for the adult rats.
If individual control and experimental sides were compared by a paired 
t-test, the number of osteoclasts at the mesial sides was significantly higher at 
any time at the experimental than at the control sides irrespective of age (p < 
0.01), while in distal sides it was the opposite (p < 0.01). Figure 4 shows the 
mean number of osteoclasts induced at the mesial side by the experimental 
intervention, calculated by substraction of the control data from the 
experimental data. From 0 to 2 weeks the number of osteoclasts was 
significantly higher in young rats than in adult rats (p < 0.01). The osteoclast 
number decreased after 2 weeks in young rats, while kept on increasing up to 
4 weeks in adult rats. From 4 to 12 weeks, the mean number of osteoclasts in 
adult rats remained higher than in young rats (p < 0.05).
In both age groups, the rate of tooth movement from week 0 to 3 (early 
phase) was significantly higher than that from week 4 to 12 (late phase) 
(young group 0.40 ± 0.28 vs. 0.13 ± 0.16, p < 0.01; adult group 0.18 ± 0.14 vs. 
0.05 ± 0.12, p < 0.05). From 0 to 3 weeks, the mean rate of tooth movement 
in young rats was significantly faster than in adult ones (p = 0.03), while from 
4 to 12 weeks, there was no difference in the mean rate of tooth movement 
between both groups (p = 0.05). In young rats a positive correlation between 
the relative rate of tooth movement and the number of osteoclasts at the 
mesial sides was found (R = 0.49, p < 0.01). In adult rats this correlation was 
not significant (R = - 0.21, p = 0.29).
DISCUSSION
The rate at which a tooth can move through the bone is supposed to be 
restricted primarily by the number and activity of osteoclasts. Therefore, 
substantial attention has been paid to the differentiation and first appearance 
of osteoclasts in the early phases of orthodontic tooth movement. Classical 
studies have shown that osteoclasts occur in the pressure zone of the 
periodontal ligament at five to eight days after the start of orthodontic tooth 
movement (Reitan and Kvam, 1971). More recently it has been shown that 
orthodontic tooth movement starts faster in young than in adult animals, but 
on the long run the rate of tooth movement is equal in young and adult 
individuals under identical experimental conditions (Bridges et al., 1988; Ren 
et al., 2003). The faster start of the tissue reactions in young indiviuals was 
already apparent within the first 24 hours of force application as has been 
shown by biochemical analyses of gingival crevicular fluid in young and adult 
orthodontic patients (Ren et al., 2002).
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The aim of the present study was to evaluate the presence of 
osteoclasts during orthodontic tooth movement over a longer period of time in 
young and adult rats. The results seem to be in agreement with the findings 
from literature since in the young group an increase in osteoclast number is 
found after one week, with a maximum after two weeks of force application, 
while in adult animals this maximum was reached only after four weeks. This 
indicates that osteoclast differentiation can proceed faster in young than in 
adult animals.
When bone is stimulated to remodel, two different phenomena are 
induced. Firstly, extant osteoclasts and their precursors are immediately 
activated to initiate resorption (Roodman 1991, 1999). Secondly, osteoclast 
differentiation and recruitment are stimulated by hormones, cytokines, growth 
factors, and matrix components (Braidman and Anderson 1993; Dolce et al., 
2002) partly produced by osteoblasts (Bataille et al., 1991). These processes 
are also influenced by aging (Chatta and Andrews, 1993, Pfeilschifter and Diel, 
1993) and may lead to a faster increase in active osteoclasts in young animals 
than in adult ones.
Another observation was that osteoclasts at the distal side of the root, 
which are responsible for the physiologic distal drift, decreased significantly 
after one week experimental mesial migration, both in the young and the adult 
animals. This indicates that the disappearance of osteoclasts, which probably 
occurs by apoptosis (Kobayashi et al., 2000; Noxon et al., 2001), can be 
induced in both age groups at the same rate.
The expected close relation between the number of active osteoclasts 
and the rate of experimental tooth movement was indeed established in the 
young animals, but not in the adult ones. The number of differentiated 
osteoclasts in the late phase was in the same range in young and adult 
animals (5 - 15 and 5 - 12 respectively)s. This shows that the response to the 
experimental force application in both age groups is of the same magnitude. 
On the other hand, the maximal rate of experimental tooth movement in the 
young animals is approximately twice as high as in the adult ones (0.56 ± 0.33 
mm/week versus 0.26 ± 0.22 mm/week). This may indicate that the efficiency 
of the osteoclasts in adult animals is lower than in the juveniles, or that in 
adult rats the bone is more resistant to resorption.
CONCLUSION
The results of this study supported the first hypothesis that in the initial phase 
osteoclast differentiation in young rats is higher than in adult rats and the
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second one, that in the late phase, the number of osteoclasts in young and 
adult rats are the same. However, the third hypothesis, that the relative rate of 
tooth movement is correlated to the number of osteoclasts in individual cases, 
is only supported by the data from the young animals.
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Cytokine levels in crevicular fluid 
are less responsive to orthodontic force 
in adults than in juveniles
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Cytokine changes in GCF during tooth movement
Abstract
Objectives: Bone remodelling during orthodontic tooth movement is related to 
the expression of mediators in gingival crevicular fluid (GCF). No information 
is available concerning the effect of age on the levels of these mediators in 
GCF. The purpose of this study was to quantify three mediators (PGE2, IL-6 
and GM-CSF) in GCF during orthodontic tooth movement in juveniles and 
adults.
Material and methods: 43 juvenile patients (mean age 11 ± 0.7 yrs), and 41 
adult patients (mean age 24 ± 1.6 yrs) took part in the study. One of the lateral 
incisors of each patient was tipped labially, the other served as control. GCF 
samples were taken before force activation (t0) and 24 hrs later (t24). Mediator 
levels were determined by radioimmunoassay.
Results: PGE2 concentrations were significantly elevated at t24 in juveniles 
and adults, while concentrations of IL-6 and GM-CSF were significantly had 
elevated only in juveniles. Total amounts of all three mediators in GCF 
significantly increased at t2 4  in both groups.
Conclusions: In early tooth movement mediator levels in juveniles are more 
responsive than in adults, which agrees with the finding that the initial tooth 
movement in juveniles is faster than in adults and starts without delay.
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Introduction
Orthodontic treatment in adults has increased spectacularly in the past 
several decades. In some countries adults comprise 25 percent of normal 
orthodontic practice, and in some big cities, it may be as high as 70 percent 
(Norton 1988). The ever-increasing number of adult orthodontic patients calls 
for a fundamental biological study on modifications in orthodontic approach for 
this group of patients, indicated by the age dependent changes in bone 
remodelling, and subsequent difference in the rate of tooth movement 
(Kabasawa et al. 1996).
It is a maxim in orthodontics that a certain treatment takes more time in 
adult patients than in juveniles. There are clinical reports of lower anatomic 
resistance and more rapid tooth migration in juveniles than in adults 
(Stepovich 1979, Northway et al. 1984). Also experimental studies in animals 
indicate that tooth movement occurs to a greater distance and at higher rates 
in young than in old individuals (Storey 1955, Bridges et al. 1988). However, 
there is no clinical evidence that adults are less responsive to the mechanical 
stimuli than juveniles once tooth movement has started. The longer treatment 
period in adults might be caused by a delay in the initial response (Bond 1972, 
Melsen 1991). There is indirect evidence that the dento-alveolar system 
undergoes a number of biological changes with age, such as a decrease in 
bone density that can affect the responsiveness of periodontal tissues to 
orthodontic forces (Turner & Spelsberg 1991, Egrise et al. 1992, Liang et al.
1992). It has been shown that with increasing age there is a decrease in 
proliferation of periodontal ligament cells, in organic matrix production, in the 
relative amount of soluble collagen, and in alkaline phosphatase activity (Stahl 
& Tonna 1977, van der Velden 1984). Also cellular differentiation is affected, 
which results in a decreased number of osteoblasts and osteoblast-precursor 
cells (Bar-Shira-Maymon et al. 1989, Roholl et al. 1994).
The early phase of orthodontic tooth movement involves an acute 
inflammatory response characterised by periodontal vasodilatation and the 
migration of leukocytes out of periodontal ligament capillaries. Inflammatory 
mediators may trigger the biological processes associated with alveolar bone 
resorption and apposition (Davidovitch et al. 1988). Previous research 
suggested that local mediators such as prostaglandins, interleukins and 
growth factors play an important role in bone remodelling induced by 
orthodontic forces (Baylink et al. 1993, Vitouladitis et al. 1999, Park et al. 
2000). In order to study these factors in humans, non-invasive methods have 
been developed using gingival crevicular fluid (GCF) samples (Insoft et al.
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1996, Tzannetou & Lamster 1998). The GCF composition is supposed to 
reflect the physiological status of the periodontal ligament (Last et al. 1988). 
Grieve et al. (1994) were the first to show that PGE2 and IL-1( levels in GCF 
increased significantly after orthodontic force application for 24 and 48 hrs. 
Lowney et al. (1995) reported similar effects on TNF-( during tooth movement. 
Uematsu et al. (1996a, 1996b) found that TGF-ß, IL-1 ß, IL-6, TNF-a and EGF 
levels are all elevated in human GCF during orthodontic tooth movement. The 
number of experimental subjects in these studies, however, was relatively low. 
Furthermore, the difference between juvenile and adult patients has never 
been studied.
We have chosen to analyse the influence of age on the levels of three 
mediators in GCF, namely PGE2, IL-6 and GM-CSF. PGE2 has been 
implicated in bone remodelling for long and is particularly recognised as a 
potent stimulator of bone resorption (Offenbacher et al. 1981, Kawaguchi 
1995). The role of PGE2 in orthodontic tooth movement has been the subject 
of many studies in vitro, in animal models and also in humans (Saito et al. 
1990a,b, Lasfargues & Saffar 1992, Boekenoogen et al. 1996). IL-6 interacts 
directly with bone cells. It plays an important role in the local regulation of 
bone remodelling and plays a significant role in the acute inflammation found 
at the onset of orthodontic tooth movement (Greenfield 1996). Granulocyte 
Macrophage Colony Stimulating Factor (GM-CSF) plays a pivotal role in the 
paracrine regulation of osteoclast and osteoblast differentiation and thereby in 
bone turnover under physiological conditions (Hattersley 1988, Takahashi 
1991). Although little information is available on its production during 
orthodontic tooth movement, it is likely that application of mechanical forces 
trigger periodontal ligament cells to produce significant amounts of GM-CSF. 
In order to study the biological mechanisms underlying the effect of age on 
tooth movement, we compared the levels of these three mediators in GCF 
during initial tooth movement in juvenile and adult patients.
Material and methods 
Experimental subjects
Two groups of orthodontic patients took part in the study. One group 
consisted of 41 adult orthodontic patients (all male, mean age 24 ± 1.6 yrs) 
and the other group comprised 43 juvenile orthodontic patients (all male, 
mean age 11 ± 0.7 yrs). The study was approved by the Ethic Committee of 
Research on Human Beings from Beijing Medical University. All patients met 
the following criteria:
99
Chapter 7
• orthodontic treatment was indicated, and labial movement of the lateral 
incisors was part of the treatment;
• good general health;
• no antibiotic therapy within the past 6 months;
• no use of anti-inflammatory drugs in the month preceding the study;
• good periodontal health, with generalised probing depths < 3mm and 
no radiographic evidence of periodontal bone loss.
Experimental design
The maxillary lateral incisors were chosen as experimental teeth. In one tooth 
labial tipping was induced while the controlateral tooth served as a control. 
Orthodontic brackets were placed on experimental and control teeth, and the 
experimental tooth was activated by an orthodontic wire (0.012 Nitinol). This 
wire was custom made for each patient with varying amounts of buccal / labial 
offset to produce an initial force of approximately 70 cN. The force was 
verified with a calibrated orthodontic force gauge. The same appliance, but 
without activation was placed at the control teeth. The patients were not 
allowed to take any medication that could affect the production of PGE2, IL-6, 
or GM-CSF. To assure optimal control of bacterial plaque, patients received 
oral hygiene instructions at the start of the study.
GCF was collected before force activation (t0) and after 24 hrs of force 
application (t24) at the experimental and the control teeth.
GCF collection
GCF sampling was performed in an air-conditioned clinic maintained at 
approximately 22°C. The sites under study were isolated with cotton rolls. 
Supragingival plaque was removed, the region was flushed with water, and 
gently dried with air. Two paper strips (Periopaper, Harco, Tustin, CA, USA.) 
were carefully inserted 1 mm into the gingival crevice at the mesiobuccal and 
distobuccal sides of the maxillary lateral incisors for 30 seconds.
Fluid volumes of all samples were immediately measured with a 
Periotron 6000 (Siemens Medical Systems, Inc. Iselin, NJ. USA) which had 
been calibrated with standard volumes of human serum. Immediately after 
measurement in the Periotron, the periopaper strips from the individual sites 
were placed in Eppendorf tubes and sealed subsequently. The samples then 
were stored at -80°C until analysis. One sample of each tooth was analysed 
for PGE2; the other sample from the same tooth was analysed for IL-6 and 
GM-CSF.
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PGE2, IL-6, and GM-CSF determination
The GCF was eluted from the paper strips by centrifugation with 50 ^l aliquots 
of radioimmunoassay (RIA) buffer. To quantify the levels of PGE2, IL-6 and 
GM-CSF, samples from each tooth were evaluated with radio-immunoassay 
(Advanced magnetics, Cambridge, MA. USA). In short, the assays are based 
on a competition between mediator in the samples and a standard amount of 
radiolabelled mediator which was added. The binding of radiolabeled mediator 
to the antibody depends on the amount of mediator in the sample. The 
antibody-bound labelled mediators were quantified in a gamma counter. The 
concentrations of mediator in the samples were calculated using a standard 
curve. Total amounts of PGE2, IL-6, and GM-CSF in each GCF sample were 
calculated from its total volume.
Statistical analysis
The data on GCF-volumes (in ^l), total amounts of PGE2, IL-6, and GM-CSF 
(in pg/sample) and their concentrations (in pg/^l) for control and experimental 
samples at both time points appeared to be not-normally distributed, so their 
median and quartiles were calculated.
All missing data were given a lowest value of baseline samples. After 
log transformation the average skewness decreased from 1.85 to 0.22 which 
allowed the use of Student t-tests for statistical analysis. Two-tailed paired 
Student t-tests were performed on the transformed data to analyse differences 
between t0 and t24 and between juveniles and adults for the different 
parameters.
Results
The volumes and the concentrations or total amounts of the three mediators in 
control samples at t0 and t24, and at t0 in experimental samples were not 
significant different. Therefore, these data were pooled, and the pooled data 
were used as baseline values for the experimental data. The results are 
summarised in Fig. 1, 2 and 3 for each of the three cytokines.
The mean baseline of GCF volumes in juveniles is 0.24 ^l and is higher than 
the mean level of 0.13 ^l in adults (p<0.01) (see Fig. 1a, 2a, and 3a). The 
mean GCF volume in adults increased significantly from 0.13 ^l at t0 to 0.17 ^l 
at t24 (p<0.05), while the change from 0.24 ^l to 0.25 ^l in juveniles was not 
significant. Mean concentrations of all three mediators of GCF in adults at
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*0  *24 ^0 *24
Figure 1. Boxplots of PGE2 levels in GCF samples in juveniles and adults from at to 
and t24 (median and quartiles). a: GCF volume; b: PGE2 concentration; c: PGE2 total 
amount. *(p<0.05), **(p<0.01), by Student t-tests on transformed data (the same for 
figure 2 and 3).
baseline were higher than in juveniles (p<0.01) (see Fig. 1b, 2b, and 3b). The 
total amounts of mediators show no differences between juveniles and adults 
at baseline (see Fig. 1c, 2c, and 3c).
The mean concentrations of all three mediators increased significantly 
from t0 to t24 in juveniles (p<0.01). The concentration of PGE2 increased from
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juveniles adults
*0 t 24 t 24
Figure 2. Boxplots of IL-6 levels (median and quartiles). a: GCF volume; b: IL-6 
concentration; c: IL-6 total amount.
242 pg/^l to 501 pg/^l (Fig. 1b); The concentration of IL-6 increased from 64 
pg/^l to 82 pg/^l (Fig. 2b); The concentration of CSF increased from 29 pg/^l 
to 39 pg/^l (Fig. 3b). In adults only PGE2 showed a significant increase from 
491 pg/^l to 699 pg/^l (p<0.05). The total amounts of mediators increased 
significantly from t0 to t24 both in juveniles and in adults (PGE2 and GM-CSF: 
p<0.01, Fig. 1c, 3c; IL-6: p<0.05, Fig. 2c).
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*0 t 24 *0 t 24
Figure 3. Boxplots of GM-CSF levels (median and quartiles). a: GCF volume; b: GM- 
CSF concentration; c: GM-CSF total amount.
Discussion
This study compared the effect of short term orthodontic force application on 
the levels of three mediators in GCF from juveniles and adults. In previous 
studies of factors in GCF either the concentration or the total amount was 
reported. According to Lamster (1997) the total amount of a mediator will give 
more sensitive detection of site-to-site and patient-to-patient GCF differences. 
Their data, however, show similar results for total amount (pg) and
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concentration (pg/^l) of the mediators used in that study. The choice in later 
studies to report mediator concentrations was based more on convenience 
than on scientific evidence (Grieve et al. 1994, Lowney et al. 1995, Uematsu 
et al. 1996a,b). Because of this controversy, we determined both the 
concentrations and total amounts of the three mediators.
Our results show that in juveniles the concentrations of all three 
mediators increased significantly from t0 to t24 , but the volumes of these 
samples did not change. In adults, the GCF volumes increased from t0 to t24 , 
but the concentrations of IL-6 and GM-CSF remained the same. PGE2, 
however, showed an increased concentration in adults. This is in agreement 
with the findings of Grieve et al. (1994). Increased levels of PGE2 in GCF are 
also associated with increased severity and aggressiveness of periodontal 
disease (Offenbacher et al. 1984, Nakashima et al. 1994). The early increase 
of PGE2 in tooth movement might be caused by an upregulation of PGE2 
production directly after force application. This is in agreement with 
Davidovitch et al. (1988) who showed that the early phase of orthodontic tooth 
movement involves an acute inflammatory response. The increased 
production of other mediators may depend on the early upregulation of PGE2 
system (Saito et al. 1990a, 1990b, Ngan et al. 1990).
In adults, the peak concentration for IL-6 and GM-CSF may be reached 
after more than 24 hrs, but this is an interesting subject for further study. In 
juvenile patients, however, it has been shown before that IL-6 reaches a peak 
value already after 24 hrs of orthodontic force application (Uematsu et al. 
1996b). The total amounts of the three mediators in juveniles and adults did 
not show any difference at t0 and t24. In both groups the levels significantly 
increased.
These results indicate that mediator concentration is a more sensitive 
way to detect different responses in juveniles and adults. Also from a 
theoretical point of view this seems reasonable, as the concentration of a 
mediator is more likely to trigger a response than the total amount. Therefore, 
in orthodontic tooth movement, bone remodelling is probably switched on by 
the concentration of certain mediators early in the periodontium.
IL-6 and GM-CSF are both important inflammatory mediators. In 
juveniles their synthesis is upregulated within 24 hours of orthodontic force 
application, while in adults it probably takes more time. This might indicate 
that in juveniles the inflammatory system is always in a more activated state 
and can therefore react faster to local changes. This is consistent with the 
clinical experience that juveniles have a stronger response to force activation 
during the initial stage of treatment (Bond 1972, Northway et al. 1984, Melsen
105
Chapter 7
1991). On the other hand, concentrations of IL-6, GM-CSF and also of PGE2 
were significantly higher in adults than in juveniles at t0, without any clinical 
signs of inflammation. This might indicate that to trigger inflammatory 
reactions in adults higher levels of these mediators have to be generated.
In orthodontics, mechanical stress evokes a response in a variety of 
cell types. The early phase of orthodontic tooth movement involves an acute 
inflammatory response. During this response, leukocytes as well as fibroblasts 
produce several inflammatory mediators which are secreted into GCF. GCF 
analysis has been proven to be an effective method to study PDL and alveolar 
bone remodelling (Insoft et al. 1996, Tzannetou & Lamster 1998).
In conclusion, the analysis of mediator levels in GCF of periodontitis as 
well as of orthodontic patients is a valuable, non-invasive tool to study the 
condition of the periodontium.
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1. Introduction
Orthodontic treatment of adult patients has a long history. Kingsley in 1880 
has indicated an early awareness of the orthodontic potential for adult patient 
after treating a 40-year-old patient. He stated that "it may be regarded as 
settled that there are hardly any limits to the age when movement of teeth 
might not succeed”. MacDowell (1901) on the other hand wrote that after the 
age of 16 a complete and permanent change in transition of the occlusion is 
almost impossible. Lischer (1912) summarized the orthodontic view at the 
start of the 20th century regarding the optimal age for treatment as in mixed 
dentition which covers the age from 6 to 14. Case (1921) demonstrated the 
value of orthodontic therapy of patients older than 40 years for space closure 
in the lower anterior area. In short, the benefits of orthodontic treatment for 
adult patients were already demonstrated in the early 1900s, though 
orthodontic treatment of adults was not much encouraged due to a lot of 
influential factors.
In the last 30 years, a major reorientation of orthodontic thinking has 
occurred regarding adult treatment. The interest in adult orthodontic treatment 
increased tremendously both from orthodontist’s and patient’s perspectives, 
because of the advancement of orthodontic techniques, improved 
management of the symptoms associated with joint dysfunction, more 
effective management of skeletal jaw dysplasias, and reduced vulnerability to 
further periodontal breakdown as a result of improved occlusal relationship 
(Aimamo, 1972; Roth, 1981; Huser et al., 1990; Proffit and White, 1991). As a 
result there was dramatical increase of adult patients having orthodontic 
treatment from 1970 to 1997 (Gottlieb et al., 1997).
In modern society, changed lifestyles and patient’s awareness have 
increased the demand for adult orthodontic treatment. Many studies have 
confirmed that a severe malocclusion is likely to be a social handicap. Well- 
aligned teeth and a pleasing smile carry positive status at all social levels, 
whereas irregular or protruding teeth carry negative status. Social response 
conditioned by the appearance of the teeth can severely affect an individual’s 
whole attitude to life (Shaw, 1981; Bull and Rumsey, 1998). The ever- 
increasing number of adult orthodontic patients calls for a fundamental 
biological study on modifications in orthodontic approach for this group of 
patients, indicated by the age dependent changes in bone remodeling, and 
subsequent difference in the rate of tooth movement (Kabasawa et al., 1996).
It was this background that led to the topic of this thesis. Knowledge 
from current literature concerning the age effect on orthodontic tooth
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movement is rather limited. Animal studies provided controversial results 
which are often difficult to interpret or extrapolate because a wide range of 
species has been used, and because of drawbacks in the experimental design. 
Well-controlled prospective human studies on this topic are rare and current 
opinions are more experience-based (e.g. ‘my 10 years clinical experience’) 
than evidence-based. The purpose of this study was to provide an overview of 
current knowledge and evidence on age effects on orthodontic tooth 
movement, based on a well-defined animal model with standardized 
experimental set-up and on a non-invasive clinical study.
2. Evidence-based research needs a proper animal model
As the optimal efficiency in tooth movement is of great interest in clinical 
orthodontics, an evidence-based force regime is needed. However, such a 
force regime is not available up to now, and therefore it needs to be 
established. Such a force regime should be based on knowledge on the 
relationship between the applied force and tissue reactions in terms of 
remodeling of bone and periodontal ligament (PDL), and cellular response 
(Reitan and Kvam, 1971; Melsen, 1999). To achieve such knowledge, well- 
defined standardized, and reproducible force delivery systems are needed. 
This, together with a proper description of morphological and biomechanical 
properties of the tooth and its surrounding structures, will then enable the 
estimation of stresses and strains within the PDL during orthodontic tooth 
movement, and subsequently the relation between stresses and strains and 
cellular and tissue responses can be established.
If the literature is reviewed, over 400 articles are available on 
experimental research on orthodontic tooth movement in humans or animals. 
Articles on animal experiments are in the majority. These animal studies have 
been performed in a wide range of animal species, and show a considerable 
variability in force magnitudes, teeth under study, directions of tooth 
movement, duration of experimental period, and frequency of force 
reactivation. Hardly any publication provides information on the relation 
between the magnitude of the applied force and the velocity of tooth 
movement.
Rats, which are the most often used animal in literature have been 
generally considered to be a good model to study orthodontic tooth movement 
with many practical advantages. Yet, a thorough study of recent literature on 
experimental tooth movement in rats reveals severe shortcomings, which are 
partly related to physiology of the animals and partly to the design of the
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orthodontic appliance. Little attention has been paid to the physiological 
aspects, such as natural distal drift of molars or continuous eruption of 
incisors. The tiny teeth of rats have complicated the design of an efficient 
orthodontic appliance that is suited to produce a constant and continuous 
force in an acceptable force range. In short, current available animal models 
for orthodontic tooth movement as described in literature are not standardised 
or well-controlled. Results from these studies are difficult to interpret and 
extrapolation to the human situation is almost impossible.
In the new rat model proposed and evaluated in this study, a split- 
mouth design was chosen to compensate the confounding effects of the 
physiological distal drift of the molars, the physiological growth of the snout 
and the concomitant forward movement of the incisors, the continuous 
eruption of the incisors and the possible distal tipping of the incisors that are 
used as anchorage. As the springs used in this medel proved to deliver a 
constant and continuous force of around 10 cN over a range of 3 - 15 mm 
activation, there is no need for reactivation during a 12-week experimental 
period. Radiographs showed that the appliance stayed in position very well, 
obvious tooth movement could already be seen after one week, and 
continuous eruption of the upper incisors was effectively prevented. Abrasion 
of the maxillary incisors was compensated for by overeruption of mandibular 
incisors. The direction of the force by the coil spring was kept at the level of 
occlusal plane over 12 weeks (Ren et al., 2003a). Briefly, this model has 
overcome the general shortcomings seen in other rat models in literature. It 
could be used as a standardized set-up to investigate the efficiency of 
orthodontic tooth movement.
3. How much force matters in tooth movement?
Force seems to have played a paradoxical role in the concept of orthodontic 
tooth movement. On one hand force is considered to be an important factor. 
It is generally believed that in order to induce orthodontic tooth movement, a 
force with an appropriate magnitude is needed to initiate proper remodeling of 
the tooth supporting tissues; that too weak and inconsistent forces will not be 
able to move a tooth, while too large forces are believed to cause excessive 
hyalinization and root resorptions (Storey and Smith, 1952; Kvam, 1972; 
Steigman and Michaeli, 1981; King and Fischlschweiger, 1982). Force 
magnitude has received considerable attention in orthodontics without full 
notice that it is important only as it is related to other characteristics of the 
force system and to the surface area of the periodontal ligament over which it
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is dissipated. Biologically, cell-cell and cell-extracellcular matrix interactions 
are ultimately responsible for tooth movement. Besides force magnitude, the 
coupling phenomena of bone resorption and formation with its associated 
local factors, systemic hormonal control of bone-cell activity, and the 
characteristics of bone metabolism, all influence tooth movement (Isaacson et 
al., 1993).
The general idea that a certain force magnitude would be optimal for 
the orthodontic movement of a certain tooth can only be true if this force 
evokes optimal cellular reaction throughout the treatment period. A major 
problem, which is mostly overlooked, is that the physiological system to which 
the force is applied, changes during tooth movement. The structure of the 
periodontal ligament changes, and so do its biomechanical characteristics. 
Consequently, the impact of a certain force on the cellular level changes over 
time.
On the other hand, if orthodontists really take force as important, why 
don’t they agree on its magnitude and why don’t they measure it? Clinically, 
force magnitude could be measured by a strain gauge, however, hardly any 
orthodontist performs this procedure routinely. A study on force magnitude 
applied by orthodontists showed that both inter- and intra-individual variations 
were very large and that a pronounced discrepancy existed between 
supposed ideal force and actually applied force, irrespective of clinical 
experience, training center, gender or age of the orthodontist (Kurol et al., 
1996a).
Most of the studies in the literature only mention measurement of the 
force magnitude at the start of the experiment. However, daily in vivo 
measurements of the force produced by activated archwires showed that the 
initial force declined by 20 % within 3 days (Lundgren et al., 1996b). A large 
force reduction within a few days is also confirmed in a series of other studies 
(Kurol et al., 1996b; Lundgren et al., 1996a; Owman-Moll et al., 1995,1996a,b). 
This force reduction is substantial and should be taken into account in 
orthodontic studies in which the amount of applied force is considered 
important, and is supposed to be constant throughout the experimental 
periods. This counts especially, if the force is to be related to both tooth 
movement and adverse reactions in the engaged supporting tissues.
Mathematic modeling on the relation between force and rate of tooth 
movement has shown that the maximum rates of tooth movement in humans 
and in dogs are very similar. A threshold for force magnitude that would switch 
on tooth movement could not be defined. The model showed that a wide 
range of forces could be identified that leads to maximum rate of tooth
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movement. It appeared that no evidence about the optimal force level in 
orthodontics could be extracted from literature. Well-controlled clinical studies 
and more standardized animal experiments in the orthodontic field are 
required to provide more insight into the relation between the applied force 
and the rate of tooth movement. Moreover, if individual difference really 
influences the individual reaction to certain force regime, it should be taken 
into account when apply a force regime on certain individual in daily practice.
4. Osteoclastic activity in tooth movement
The rate at which a tooth can move through the bone is supposed to be 
restricted primarily by the number and activity of osteoclasts (King and 
Keeling, 1991; Melsen, 1999), and therefore it is reasonable to expect a 
positive correlation between the rate of tooth movement and the number of 
osteoclasts at the experimental sides. The present study could only establish 
this relation in young rats but not in adult rats. This might be related to age- 
dependent characteristics of bone metabolism.
When bone is mechanically stimulated extant osteoclasts and their 
precursors are immediately activated to initiate resorption (Roodman 1991, 
1999). Furthermore osteoclast differentiation and recruitment are stimulated 
by hormones, cytokines, growth factors, and matrix components (Braidman 
and Anderson 1993; Dolce et al., 2002) partly produced by osteoblasts 
(Bataille et al., 1991). All these processes are influenced by aging (Chatta and 
Andrews, 1993, Pfeilschifter and Diel, 1993) and may lead to a faster increase 
in the number of active osteoclasts in young animals than in adult ones. The 
number of differentiated osteoclasts over the whole period was in the same 
range in young and adult animals. This indicates that the initial response to 
the experimental force application in young rats is faster than in adults, but 
that the final outcome is the same in both age groups.
It is interesting to find that the maximal rate of experimental tooth 
movement in young animals is approximately twice as high as in the adult 
ones though the range of osteoclast numbers is the same in young and adult 
animals. Studies have shown that the remodeling processes of the periodontal 
tissues during tooth movement were qualitatively similar in aged and younger 
animals (Weiss, 1972; Bridges et al., 1988; Jager and Radlanski, 1991), and 
the reactivity of alveolar bone to orthodontic stimuli was also irrespective of 
age (Shimpo et al., 2003). Mechanically stressed alveolar bone revealed no 
evidence of a numerical difference in number, size, or activity of osteoclasts 
and osteoblasts between young and old rats (Kabasawa et al., 1996; King et
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al., 2000). Thus, this finding may indicate that though the number of 
differentiated osteoclasts is the same, the efficiency of the osteoclasts in adult 
animals is lower than in juveniles, or that in the adult rats the bone is more 
resistant to resorption. In future studies it is tempting to trace different phases 
of osteoclast differentiation during tooth movement in order to reveal possible 
differences in the characteristics of osteoclast differentiation between young 
and adult animals.
5. Age does not hamper tooth movement
It is generally believed in orthodontics that a certain treatment takes more time 
in adult patients than in juveniles. There are clinical reports of lower anatomic 
resistance and more rapid tooth migration in juveniles than in adults 
(Stepovich 1979, Northway et al. 1984). The few experimental studies on age 
effects on orthodontic tooth movement have been performed in rodents. Some 
of them indicate that tooth movement occurs at higher rates and over a 
greater distance in young than in adult rats (Bridges et al., 1988; Takano- 
Yamamoto et al., 1992; Kyomen and Tanne, 1997), while others (Jager and 
Radlanski, 1991; Kabasawa et al., 1996) found similar osteoblastic and 
osteoclastic activity during orthodontic tooth movement in young and adult 
rats. Actually the definition of "adult” differed from study to study. It ranged 
from 14 weeks to 71 weeks (Jager and Radlanski, 1991; Kyomen and Tanne,
1997). And these studies often focused only on early phases of tooth 
movement which may elicit misleading results.
Clinical experience has suggested that tooth movement in adult 
patients was initially somewhat slower, but more rapid and predictable once 
initial movement had begun. The longer treatment period in adults might be 
caused by a delay in the initial response or by the use of inappropriate stimuli 
(Bond 1972, Musich 1986, Melsen, 1991). A slower tooth movement in adult 
patients indicated by clinical experience has been explained by the decrease- 
with-age of the responsiveness of bone to some stimuli and its active bone- 
forming capacity, and by the slower bone metabolism and denser bone in 
adults (Jager, 1996; Frost, 2000). However, it is difficult to draw conclusion 
because these ideas are often just experience-based.
The present study showed that in the initial phase, experimental tooth 
movement in adult animals was significantly slower than in young animals, 
however, such a difference between the age groups was not found in the 
linear phase. The fact that young and adult rats showed comparable rates of 
tooth movement in the linear phase indicates that the bone turnover capacity
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itself is not age-dependent, and that the slower initial tooth movement in adult 
animals might be caused by a delay in the initial biological response. This 
delay might be explained by differences in structure and reactivity of young 
and aged periodontal ligament or to reduced bone activity and slower 
osteoclast recruitment.
An overall reduction in organic matrix production in the periodontal 
ligament, a decrease in the mitotic activity of cells, and also a decrease in 
amount of soluble collagen have been described in the literature (van der 
Velden, 1984). Hyalinization at the pressure side more easily develops in 
adult than in young individuals (Kabasawa et al., 1996), which is always 
followed by a prolonged period without tooth movement, this may also explain 
the delay in initial tooth movement.
The present study showed that osteoclast differentiation can proceed 
faster in young than in adult animals (Ren et al., 2003b). The faster start of the 
tissue reactions in young individuals was also apparent within the first 24 
hours of force application as has been shown by biochemical analyses of 
gingival crevicular fluid in young and adult orthodontic patients (Ren et al., 
2002).
As the initial phase of tooth movement only lasts for a few weeks, and 
as the rate of tooth movement is independent of age, once tooth movement 
has started, it is not too optimistic to believe that adult tooth movement could 
be as efficient as juveniles in most stages of orthodontic treatment. Age is not 
a major factor to hamper tooth movement as it is thought to be.
6. Problems and perspectives in GCF studies
Because GCF composition reflects the biological status of periodontal tissues, 
and because this biological status of periodontal tissue during orthodontic 
stimuli is indicative for processes related to individual tooth movement, use of 
GCF inflammatory mediators / cytokines as indicators of orthodontic tooth 
movement is promising for future studies. The analysis of specific constituents 
in the GCF provides quantitative biochemical indicators for the evaluation of 
the local cellular metabolism that reflects a person’s periodontal health status, 
or bone remodeling when a person is under orthodontic treatment (Kavadia- 
Tsatala et al., 2002). The levels of some of GCF constituents have been 
shown to correlate with the actual clinical measurements of periodontal 
disease progression and reflect changes occurring deep in the periodontium.
However, in GCF collection, problems such as contamination, 
standardisation of sampling time, volume determination, as well as GCF
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recovery from the paper strip arise. Blood, saliva or plaque can contaminate 
GCF. Failure to remove plaque adequately from the site prior to sampling has 
a major effect on the volume determined (Stoller et al., 1990; D’Aoust and 
Landry, 1994) as plaque contains a considerable amount of fluid (Griffiths et 
al., 1992). Often samples are too small to perform proper measurements. 
Increased volumes of GCF samples can be achieved either by a prolonged 
collection time or by repeated samplings, with possible recovery periods in 
between. The problem with prolonged collection times is that the composition 
of the collected GCF samples is likely to change. The protein concentration of 
the initial GCF sample is comparable to interstitial fluid, while prolonged 
sampling resulted in protein concentrations comparable to serum (Curtis et al., 
1988).
As the total collected volumes are usually less than 1 ^l and often even 
less than 0.5 ^l, evaporation is considered to be a significant problem in 
accurate volume determination of GCF samples. Besides, the accuracy of the 
calibration graph produced for the Periotron®, especially with respect to small 
volumes is often problematic. Though the absolute errors of volume 
determination due to the above-mentioned problems could be rather small, 
the relative errors are of major significance. In order to investigate the 
composition of GCF, it has to be recovered from the filter paper strips. Early 
studies indicated that protein recovery was close to 100 % using a centrifugal 
elution technique (Cimasoni and Giannopoulou, 1988). Recent studies, 
however, showed significant differences in the percentages recovery of 
proteins from filter papers, depending on both the type of paper and the 
concentration of the original protein sample.
Studies on GCF constituents have been reported by either absolute 
amount, or concentrations. A study comparing the two methods indicated that 
concentration was not an appropriate method of data presentation, because of 
the inherent problems of accurate determination of GCF volume (Lamster et 
al., 1988). From the cell-biological point of view, however, it is the 
concentration of certain mediators that decide on the cellular reactions. 
Contemporary opinion takes it sensible to include the volume data and to 
report GCF data as both total amount and concentration. (Griffiths et al., 1997, 
1998, 2003).
During orthodontic treatment the exerted forces produce a distortion of 
the extracellular matrix of the periodontal ligament, which results in alterations 
in cellular shape and cytoskeletal configuration. In the deeper periodontal 
tissues, this leads to the synthesis and presence of extracellular matrix 
components, tissue-degrading enzymes, acids, and inflammatory mediators.
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These factors that induce cellular proliferation and differentiation, promote 
tissue remodeling, and also may change both the GCF flow rate and its 
components. Consequently, analysis of GCF samples may provide a better 
understanding of the biochemical processes associated with tooth movement 
and may help the clinician make therapeutic choices based on qualitative and 
quantitative information.
7. Perspectives of future orthodontic research
Though the number of scientific papers has increased over the years, 
progress dealing with clinical matters in orthodontic field has not improved to 
the same extent. So far the majority of the clinical research has analysed 
morphologic aspects of growth and development, appliance effects, and 
treatment outcomes. To understand the mechanism, by which treatment 
interventions can be explained, a sound biological basis is required. Future 
research in orthodontics could focus on the influence of force magnitude, or 
better to say the strain density in the PDL, individual differences, and clinical 
studies of age effects on tooth movement.
The opportunities of future orthodontics include advancements in 
technology, available knowledge and information, participation in interactive 
and interdisciplinary teams and acquiring the methodology in the design of 
clinical trials and research. The challenges are the utilisation of technology 
and the application of new knowledge with the optimal use of information 
(Dryland-Vig KW, 1998).
As one of the ultimate goals in orthodontics is to get a predictable 
amount of tooth displacement in response to orthodontic forces, and as the 
distribution of strain in periodontal ligament during tooth movement is 
constantly changing, it is promising to develop a 3D finite element computer 
stimulation model of tooth movement in order to accurately describe the stress 
and strain distribution in the periodontal ligament and the tissue remodeling 
processes associated with tooth movement. This might then enable us to 
answer the question: what is the optimal strain distribution in the PDL to move 
teeth most efficiently (Kuijpers-Jagtman et al., 1998).
If we continue to consider force as the independent variable in 
orthodontics that induces tooth movement as the dependent variable, the final 
conclusion might be that no optimal force level can be established, probably 
due to large individual variation. From a biological point of view, however, the 
same cellular basis for such individual variation should be hypothesised. Such 
individual difference in cell sensibility are not likely. A more appropriate
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explanation might be the following: Bone remodelling (osteoclast 
differentiation, osteoblast differentiation, PDL turnover) is the result of a 
certain strain perceived by the cell. The input (the force) that is necessary to 
induce this strain is dependent on: biomechanical properties of the PDL at that 
moment, its dimensions and the morphology of the teeth and the alveolar 
bone involved. Also the way the mechanical stimuli are dissipated to adjacent 
teeth and the supraalveolar fiber system should be taken into account. This 
means that in a certain tooth, in a certain individual, in a certain phase of 
orthodontic tooth movement, a quite specific force is required to induce the 
necessary strain on a cellular level in the PDL.
Clinicians should be encouraged to carry out well controlled 
experiments in order to increase the evidence of orthodontic literature, i.e. 
regular self-controlling check-ups are needed if orthodontists intend to perform 
orthodontic treatment with well controlled forces. Clinicians tend to follow a 
cookbook approach, which is based on group data, neglecting individual 
differences. In the future the orthodontist should gather more information 
about the patient’s cell physiological state prior to the orthodontic treatment. 
This can be done e.g. by taking crevicular fluid samples. When processed in 
the laboratory, a biochemical profile of the periodontium becomes available, 
which may predict the progress of movement in an individual patient. So the 
clinician and the patient will have a more realistic estimate of rate of tooth 
movement and expected treatment duration, which may eventually lead to 
ways to enhance tooth movement in individual patients.
The incorporation of cell biological and biomechanical knowledge into 
new therapeutical approaches is the challenge for the future. Only then it will 
be possible to develop a more efficient orthodontic treatment strategy.
8. Literature
Aimamo J. Relationship between malalignment of teeth and periodontal 
disease. Scand J Dent Res 1972;80:104-108.
Bataille R, Chappard D, Marcelli C, Dessauw P, Baldet P, Sany J, Alexandre 
C. Recruitment of new osteoblasts and osteoclasts is the earliest critical event 
in the pathogenesis of human multiple myeloma. J Clin Invest 1991;88:62-66. 
Bond JA. The child versus the adult. Dent Clin North Am 1972;16:401-412. 
Braidman IP, Anderson DG. Role of bone matrix in osteoclast recruitment in 
cultured fetal rat calvariae. J Bone Miner Res 1993;8:231-238.
122
General discussion
Bridges T, King GJ, Mohammed A . The effect of age on tooth movement and 
mineral density in the alveolar tissues of the rat. Am J Orthod Dentofacial 
Orthop 1988;93:245-255.
Bull R, Rumsey N. The social psychology of facial appearance. New 
York:Springer Verslag,1998.
Case C. Dental orthopedia and correction of celft palate, Chicago: CS 
Case,1921.
Chatta GS, Andrews RG. Hemotopoietic progenitors and aging: alterations in 
granulocytic precursors and responsiveness to recombinant human G-CSF, 
GM-CSF, and IL-3. J Gerontol 1993;48:207-212.
Cimasoni G, Giannopoulou C. Can crevicular fluid component analysis assist 
in diagnosis and monitoring periodontal breakdown? In: Guggenheim B. editor. 
Periodontology Today, International congress, Zurich:Basel Karger,1988;260- 
270.
Curtis MA, Griffiths GS, Price SJ, Coulthrust SK, Johnson NW. The total 
protein concentration of gingival crevicular fluid. Variation with sampling time 
and gingival inflammation. J Clin Periodontol 1988;15:628-632.
D’Aoust P, Landry RG. The effect of supragingival plaque on crevicular fluid 
measurements. Int Dent J 1994;44:159-164.
Dolce C, Malone S, Wheeler TT. Current concepts in the biology of 
orthodontic tooth movement. Sem Orthod 2002;8:6-12.
Dryland-Vig KW. The role of the orthodontist in interdisciplinary education. In: 
The future of orthodontics. Carels C and Willems G, eds. Leuven: Leuven 
University Press,1998,pp. 59-70.
Frost HM. The Utah paradigm of skeletal physiology: an overview of its 
insights for bone, cartilage and collagenous tissue organs. J Bone Miner Meta 
2000;18:305-316.
Gottlieb EL, Nelson AH, Vogels DS. 1997 JCO Orthodontic practice study, 
part 1 Trends. J Clin Orthod 1997;31:675-680.
Griffiths GS, Wilton JM, Curtis MA. Contamination of human gingival 
crevicular fluid by plaque and saliva. Arch Oral Biol 1992;37:559-564.
Griffiths GS, Wilton JM, Curtis MA. Permeability of the gingival tissues to IgM 
during an experimental gingivitis study in man. Arch Oral Biol 1997;42:129- 
136.
Griffiths GS, Moulson AM, Petrie A, James IT. Evaluation of osteocalcin and 
pyridinium crosslinks of bone collagen as markers of bone turnover in gingival 
crevicular fluid during different stages of orthodontic treatment. J Clin 
Periodontol 1998;25:492-498.
123
Chapter 8
Griffiths GS. Formation, collection and significance of gingival crevice fluid. 
Periodontol 2000 2003;31:32-42.
Huser MC, Baehni PC, Lang R. Effects of orthodontic bands on microbiologic 
and clinical parameters. Am J Orthod Dentofac Orthop. 1990;97:213-218 . 
Isaacson RJ, Lindauer SJ, Davidovitch M. On tooth movement. Angle Orthod 
1993;63:305-309.
Jager A and Radlanski RJ. Alveolar bone remodeling following orthodontic 
tooth movement in aged rats. Dtsch Stomat 1991;41:399-406.
Jager A. Histomorphometric study of age-related changes in remodeling 
activity of human desmodental bone. J Anat 1996;189:257-264.
Kabasawa M, Ejiri S, Hanada K, Ozawa H. Effect of age on physiologic and 
mechanically stressed rat alveolar bone: a cytologic and histochemical study. 
Int J Adult Orthodont Orthognath Surg 1996;11:313-327.
Kavadia-Tsatala S, Kaklamanos EG, Tsalikis L. Effects of orthodontic 
treatment on gingival crevicular fluid flow rate and composition: clinical 
implications and applications. Int J Adult Orthodont Orthognath Surg 
2002;17:191-205.
King GJ, Fischlschweiger W. The effect of force magnitude on extractable 
bone resorptive activity and cemental cratering in orthodontic tooth movement. 
J Dent Res 1982;61:775-779.
King GJ, Keeling SD. Histomorphometric study of alveolar bone turnover in 
orthodontic tooth movement. Bone 1991;12:401-409.
King GJ, Noxon S, Rody W. Osteoclastic mechanisms in orthodontic tooth 
movement. In: Biological Mechanisms of Tooth Eruption Resorption and 
Replacement by Implants. Davidovitch Z, Mah J, editors. Boston: Harvard 
Society for the Advancement of Orthodontics, 2000,pp 81-89.
Kingsley NW. A treatise on oral deformities as a branch of mechanical surgery. 
New York: D Appleton,1880.
Kuijpers-Jagtman AM, Maltha JC, Von den Hoff JW, Van Leeuwen EJ, Van 
Driel WD. Back to basics: tooth movement in orthodontics. In: The future of 
orthodontics. Carels C and Willems G, eds. Leuven: Leuven University 
Press,1998,pp.117-128.
Kurol J, Franke P, Lundgren D, Owman-Moll P. Force magnitude applied by 
orthodontists. An inter- and intra-individual study. Eur J Orthod 1996a;18:69- 
75.
Kurol J, Owman-Moll P, Lundgren D. Time-related root resorption after 
application of a controlled continuous orthodontic force. 1996b;110:303-310. 
Kvam E. Cellular dynamics on the pressure side of the rat periodontium 
following experimental tooth movement. Scand J Dent Res 1972;80:369-383.
124
General discussion
Kyomen S, Tanne K. Influences of aging changes in proliferative rate of PDL 
cells during experimental tooth movement in rats. Angle Orthod 1997;127:67- 
72.
Lamster IB, Oshrain RL, Riorello LA, Celenti RS, Gordon JM. A comparison of 
4 methods of data presentation for lysosomal enzyme activity in gingival 
crevicular fluid. J clin Periodontol 1988;15:347-352.
Lischer BE. Principles and methods of orthodontia, Philadelphia: 
Lea&Febiger,1912.
Lundgren D, Owman-Moll P, Kurol J, Martensson B. Accuracy of orthodontic 
force and tooth movement measurements. Br J Orthod. 1996b;23:241-248. 
Lundgren D, Owman-Moll P, Kurol J. Early tooth movement pattern after 
application of a controlled continuous orthodontic force. A human 
experimental model. Am J Orthod Dentofacial Orthop 1996a;110:287-295. 
MacDowell JN. MacDowell Orthodontia, Chicago: Blakely,1901.
McDonald F. Electrical effects at the bone surface. Eur J Orthod 1993;15:175- 
183.
Melsen B. Limitations in adult orthodontics. In: Current controversies in 
orthodontics. Melsen B, editor. Chicago: Quintessence, 1991,pp. 147-180. 
Melsen B. Biological reaction of alveolar bone to orthodontic tooth movement. 
Angle Orthod 1999;69:151-8.
Musich DR. Assessment and description of the treatment needs of adult 
patients evaluated for orthodontic therapy. Part I, II, III. Int J Adult Orthodont 
Orthognath Surg 1986;1:55-71.
Northway WM, Wainright RL, Demirjian A. Effects of premature loss of 
deciduous, molars. Angle Orthod 1984;54:295-329.
Owman-Moll P, Kurol J, Lundgren D. Continuous versus interrupted 
continuous orthodontic force related to early tooth movement and root 
resorption. Angle Orthod 1995;65:395-402.
Owman-Moll P, Kurol J, Lundgren D. Effects of a doubled orthodontic force 
magnitude on tooth movement and root resorption. An inter-individual study in 
adolescents. Eur J Orthod 1996a;18:141-150.
Owman-Moll P, Kurol J, and Lundgren D. Effects of a four-fold orthodontic 
force magnitude on tooth movement and root resorption. An intra-individual 
study in adolescents. Eur J Orthod 1996b;18:287-294.
Pfeilschifter J and Diel I. Mitogenic responsiveness of human bone cells in 
vitro to hormones and growth factors decreases with age. J Bone Miner Res 
1993;8:707-717.
Proffit WR, White RP. Surgical-orthodonitcs treatment. St Louis:Mosby Year 
Book,1991.
125
Chapter 8
Reitan K, Kvam E. Comparative behavior of human and animal tissue during 
experimental tooth movement. Angle Orthod 1971;41:1-14.
Ren Y, Maltha JC, Van ’t Hof MA, Von den Hoff JW, Kuijpers-Jagtman AM, 
Zhang D. Cytokine levels in crevicular fluid are less responsive to orthodontic 
force in adults than in juveniles. J Clin Periodontol 2002;29:757-762.
Ren Y, Maltha JC, Kuijpers-Jagtman AM. Osteoclast Differentiation During 
Tooth Movement in Young and Adult Rats. Submitted to J Dent Res 2003b. 
Ren Y, Maltha JC, Van ’t Hof MA, Kuijpers-Jagtman AM. Age effect on 
orthodontic tooth movement in rats. J Dent Res 2003a;82:38-42.
Roodman GD. Osteoclast differentiation. Cri Rev Oral Biol Med 1991;2:389- 
409.
Roodman GD. Cell biology of the osteoclast. Exp Hematol 1999;27:1229-1241. 
Roth RH. Function occlusion for the orthodontist. J Clin Orthod 1981;15:1-8. 
Shaw WC. The influence of children’s dentofacial appearance on their social 
attractiveness as judged by peers and lay adults. Am J Orthod 1981;79:399- 
415.
Shimpo S, Horiguchi Y, Nakamura Y, Lee M, Oikawa T, Noda K, Kuwahara Y, 
Kawasaki K. Compensatory bone formation in young and old rats during tooth 
movement. Eur J Orthod 2003;25:1-7.
Steigman S, Michaeli Y. Experimental intrusion of rat incisors with continuous 
loads of varying magnitude. Am J Orthod 1981;80:429-36.
Stepovich ML. A clinical study on closing edentulous spaces in the mandible. 
Angle-Orthod 1979;49:227-33.
Stoller NH, Karras DC, Johnson LR. Reliability of crevicular fluid 
measurements taken in the presense of supragingival plaque. J Periodontol 
1990;61:670-673.
Storey E, Smith R. Force in orthodontics and its relation to tooth movement. 
Aust Dent J 1952;56:11-18.
Takano-Yamamoto T, Kawakami M, Yamishiro, T. Effect of age on the rate of 
tooth movement in combination with local use of 1,25(OH)2D3 and mechanical 
forces in the rat. J Dent Res 1992;71:1487-1492.
Van der Velden U. Effect of age on the periodontium. J Clin Periodontol 
1984;11:281-294.
Weiss RC. Physiology of adult tooth movement. Dent Clin North Am 
1972;16:449-457.
126
Chapter 9
Summary
Chapter 9
128
Summary
This study was performed to investigate the effect of age on the efficiency of 
orthodontic tooth movement based on critical literature reviews, studies on a 
standardized orthodontic animal model and a non-invasive clinical 
investigation.
Chapter 1 elucidates the background of the study and gives an 
evaluation of the level of evidence of current orthodontic literature.
In Chapter 2 a systematic review was performed on the optimum force 
for orthodontic tooth movement. Over 400 articles both on human research 
and animal experiments were found in Medline and by hand searching of main 
orthodontic and dental journals. Articles on animal experiments were in the 
majority. A wide range of animal species was used such as rat, cat, rabbit, 
beagle dog, monkey, mouse, and guinea pig. Besides variation in species, 
there was also a wide range in force magnitudes, teeth under study, directions 
of tooth movement, duration of experimental period, and force reactivation. 
Furthermore hardly any experiments were reported that provide information 
on the relation between the velocity of tooth movement and the magnitude of 
the applied force. Data from human research on the efficiency of orthodontic 
tooth movement appeared to be very limited. The large variation in data from 
current literature made it impossible to perform a meta-analysis. Therefore 
literature is systematically reviewed. It appeared that no evidence about the 
optimal force level in orthodontics could be extracted from literature.
Chapter 3 describes a mathematic model that was developed to 
describe the relation between the rate of orthodontic tooth movement and the 
magnitude of the applied force. Initially, data were extracted from 
experimental studies in beagle dogs, in which controlled standardized forces 
were used to move mandibular second premolars distally. Trend-fitting by 
iterative non-linear regression analysis provided an equation describing the 
relation between force magnitude and rate of tooth movement in beagle dogs. 
Similar techniques were subsequently used for the analysis of the limited 
available literature data on human canine retraction. The results showed that 
the maximum rates of tooth movement in humans and in dogs are very similar. 
A threshold for force magnitude that would switch on tooth movement could 
not be defined. The model showed that a wide range of forces can be 
identified that leads to maximum rate of tooth movement.
In Chapter 4 a systematic review was performed on the use of rats as 
a model for experimental tooth movement. The literature from 1981-2002 
indicates that in 57% of the animal studies on orthodontic tooth movement, 
rats are used. But in many of these studies the experimental set-up was 
poorly documented. Only 3 out of 159 studies fulfilled the inclusion criteria for
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a good animal model: force magnitude less than 20 cN; moving molar(s) 
mesially; experimental duration longer than 2 weeks; and no extra 
experimental condition such as drug intervention. As more than one quarter of 
the studies on tooth movement in rats used elastics to produce an orthodontic 
force, and as the forces they produced and their force decay are unknown, we 
tested their mechanical characteristics. Elastics stored under dry conditions or 
in water showed significant force decay from around 45 N to almost 0 within 
the first 0.2 mm of decompression. In regard to the above-mentioned 
shortcomings of using rats as a model for tooth movement, a newly designed 
experimental appliance for tooth movement in rats was proposed and 
evaluated.
Chapter 5 presented the study of age effect on orthodontic tooth 
movement in rats. In orthodontic practice orthodontic procedures in adults 
seem to be more time-consuming than in juveniles. This might be related to 
delay in the initial tissue response or to a slower turnover of the bone and 
periodontal ligament in adults. To study this problem orthodontic tooth 
movement was carried out in two groups of 30 rats, aged 6 weeks and 9 - 12 
months respectively. At one side of the maxilla three molars together were 
mesialised with a standardized orthodontic appliance delivering a force of 10 
cN. The other side served as a control. The results showed a faster initial 
tooth movement in juvenile than in adult animals. However, once tooth 
movement had reached the linear phase, the rate of tooth movement was the 
same in both groups. The results indicate that besides a delay in the onset of 
tooth movement in adult animals, tooth movement could be equally efficient in 
adults once tooth movement had started.
As a continuity of Chapter 5, Chapter 6 presented a study on 
osteoclast differentiation during tooth movement in young and adult rats. 
Osteoclasts were identified by ED1 staining and the numbers at the mesial 
and distal sides of the roots of the second and third molars were counted. The 
results showed that in control distal sides, the number of osteoclasts seemed 
decreased slowly by age. In experimental mesial sides, young rats showed 
increased number of osteoclasts and reached a peak at week 2. In adults this 
increase started slower. In young rats a positive correlation between the rate 
of tooth movement and the number of osteoclasts was found. The results 
indicate that orthodontic forces induced faster osteoclast differentiation in 
young rats. This may explain the initial delay in tooth movement in adult 
animals as well as in adult patients as often reported.
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Chapter 7 compared cytokine levels (PGE2, IL-6 and GM-CSF) in 
crevicular fluid between juveniles and adults during initial orthodontic tooth 
movement. 43 juvenile and 41 adult patients took part in the study. One of the 
lateral incisors of each patient was tipped labially, the other served as control. 
GCF samples were taken before force activation (t0) and 24 hrs later (t24). 
Mediator levels were determined by radioimmunoassay (RIA). PGE2 
concentrations were significantly elevated at t24 in juveniles and adults; while 
concentrations of IL-6 and GM-CSF were significantly had elevated only there 
is something wrong with this sentence in juveniles. Total amounts of all three 
mediators in GCF significantly increased at t24 in both groups. This implicated 
that in early tooth movement mediator levels in juveniles are more responsive 
than in adults, which agrees with the finding that the initial tooth movement in 
juveniles is faster than in adults and starts without delay.
Chapter 8 is the general discussion. The background of the topic 
selection of this thesis was elucidated. The results from the different studies 
were related and extrapolated. Suggestions for evidence-based research 
were proposed, specifically, perspectives in GCF studies and future 
orthodontic research were discussed.
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Summary in dutch
Het doel van dit onderzoek was om het effect van de leeftijd op de efficiëntie 
van orthodontische tandverplaatsing te bestuderen. Hiertoe werd een 
systematisch literatuuronderzoek, experimenteel onderzoek met behulp van 
een gestandaardiseerd diermodel en observationeel niet-invasief 
patiëntenonderzoek uitgevoerd.
Hoofdstuk 1 belicht de achtergrond van het onderzoek en evalueert 
het niveau van de bewijskracht van recente orthodontische literatuur over het 
onderwerp.
Hoofdstuk 2 bevat een verslag van een systematisch literatuur­
onderzoek over de optimale kracht voor orthodontische tandverplaatsing. 
Meer dan 400 artikelen werden gevonden in Medline en door middel van 
handmatig onderzoek van gangbare orthodontische en tandheelkundige 
tijdschriften. De meeste artikelen beschrijven dierexperimenteel onderzoek. Er 
wordt gebruik gemaakt van een groot aantal verschillende diermodellen, zoals 
ratten, katten, konijnen, beagle honden, apen, muizen en cavia’s. Niet alleen 
is er een grote variatie in proefdieren, maar ook in de grootte van de gebruikte 
krachten, de tanden die worden verplaatst, de richting van de verplaatsing, de 
duur van de experimentele periode en de frequentie van de eventuele 
reactivering. Bovendien wordt er slechts zelden informatie gegeven over de 
relatie tussen de snelheid van de tandverplaatsing en de grootte van de 
toegepaste kracht. Gegevens over de efficiëntie van orthodontische 
tandverplaatsing bij mensen zijn slechts sporadisch te vinden. Door de grote 
variatie in de literatuurgegevens bleek het niet mogelijk om een meta-analyse 
uit te voeren, en daarom is er gekozen voor een systematisch 
literatuuroverzicht. Het bleek dat de beschikbare gegevens uit de literatuur 
onvoldoende waren om duidelijkheid te krijgen over optimale krachten voor 
orthodontische tandverplaatsing.
Hoofdstuk 3 is een vervolgstudie van het literatuuronderzoek dat in 
hoofdstuk 2 is beschreven. Er werd een mathematisch model ontwikkeld dat 
de relatie tussen de krachtgrootte en de snelheid van orthodontische 
tandverplaatsing kan beschrijven. In eerste instantie werden gegevens uit 
experimenteel onderzoek aan beagle honden gebruikt. In deze onderzoeken 
werden gestandaardiseerde krachten gebruikt om tweede premolaren naar 
distaal te verplaatsen. Trendfitting door iteratieve niet lineaire regressie­
analyse leidde tot een mathematische vergelijking die de relatie tussen beide 
grootheden kan beschrijven. Vervolgens werden vergelijkbare technieken 
gebruikt om, op basis van de beperkte literatuurgegevens, de relatie tussen 
krachtgrootte en de snelheid van de tandverplaatsing bij hoektandretractie in 
de humane situatie te beschrijven. Het bleek dat de maximale snelheid van de
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tandverplaatsing in honden en mensen slechts zeer weinig van elkaar 
verschilde. Deze maximale snelheid blijkt bereikt te kunnen worden met een 
brede range van krachten. Een ondergrens voor de krachten, waar beneden 
geen tandverplaatsing meer zou kunnen plaatsvinden, kon niet worden 
gedefinieerd.
Hoofdstuk 4 beschrijft een systematisch literatuuronderzoek naar het 
gebruik van de rat als experimenteel model voor onderzoek naar 
orthodontische tandverplaatsing. De literatuur uit de periode 1981-2002 werd 
geëvalueerd. Uit deze evaluatie bleek dat in 57% van de dierexperimentele 
onderzoeken op dit gebied ratten werden gebruikt. In veel van deze 
onderzoeken was de experimentele opzet slecht gedocumenteerd. Slechts 3 
van de 159 gevonden onderzoeken voldeden aan de vereisten: een 
gedefinieerde krachtgrootte van minder dan 20 cN, mesiale verplaatsing van 
de molaren, een experimentele periode van meer dan twee weken en geen 
additionele interventie zoals het toedienen van medicamenten. In meer dan 
een kwart van de onderzoeken werden elastiekjes gebruikt om krachten uit te 
oefenen. Aangezien het echter onduidelijk is welke krachtgrootte door 
dergelijke elastiekjes wordt uitgeoefend en hoe snel die krachten onder 
experimentele condities vervallen, werd een laboratoriumonderzoek 
uitgevoerd om de mechanische karakteristieken van die elastiekjes te bepalen. 
Elastiekjes die droog of in water werden bewaard vertoonden een afname van 
de kracht van ongeveer 45 N naar bijna 0 N in een ontspanningstraject van 
slechts 0,2 mm. Aangezien de bestaande methoden om orthodontische 
tandverplaatsing in ratten te bewerkstelligen ernstige tekortkomingen 
vertoonden, werd nieuwe orthodontische apparatuur voor ratten ontwikkeld en 
geëvalueerd.
Hoofdstuk 5 beschrijft een onderzoek naar het effect van leeftijd op de 
snelheid van orthodontische tandverplaatsing in ratten. Klinische ervaring lijkt 
er op te duiden dat orthodontische procedures bij volwassenen meer tijd 
kosten dan bij jongeren. Dit effect zou veroorzaakt kunnen worden doordat in 
volwassenen de tandverplaatsing trager op gang komt, of omdat de 
remodellering van bot en parodontaal ligament bij volwassenen trager 
verloopt dan bij jongeren. Om dit probleem te onderzoek werd orthodontische 
tandverplaatsing uitgevoerd in twee groepen van 30 ratten met een leeftijd 
van respectievelijk 6 weken en 9-12 maanden. Aan de ene kant werden de 
drie kiezen in de bovenkaak als één blok naar mesiaal verplaatst met een 
gestandaardiseerd orthodontisch apparaat dat een constante kracht van 10 
cN leverde. De andere kant van de bovenkaak werd gebruikt als controle. De 
resultaten toonden aan dat de initiële verplaatsing in de jonge dieren sneller
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ging dan in de volwassen dieren, maar vanaf het moment dat de verplaatsing 
de lineaire fase had bereikt was snelheid van tandverplaatsing gelijk in beide 
groepen. Deze resultaten laten zien dat, na een initiële vertraging, de 
tandverplaatsing in jonge en volwassen dieren met dezelfde efficiëntie kan 
plaats vinden.
Hoofdstuk 6 doet verslag van een vervolgonderzoek van dat 
beschreven in hoofdstuk 5. Hierin werd gekeken naar de differentiatie van 
osteoclasten gedurende orthodontische tandverplaatsing in jonge en 
volwassen ratten. Osteoclasten aan de mesiale en distale zijde van de 
verschillende wortels werden geïdentificeerd en gekwantificeerd in 
histologische coupes met behulp van een immunohistochemische kleuring 
met ED1 antilichamen. De resultaten van dit onderzoek toonden aan dat aan 
de distale kanten van de controle molaren het aantal osteoclasten langzaam 
afnam met het toenemen van de leeftijd. Aan de mesiale kanten van de 
experimentele molaren in de jonge ratten nam het aantal osteoclasten toe 
totdat na twee weken een maximum werd bereikt. In de volwassen dieren 
verliep de toename in het aantal osteoclasten langzamer. In de jonge ratten 
bestond een positieve correlatie tussen het aantal osteoclasten en de 
snelheid van tandverplaatsing. Deze resultaten laten zien dat in jonge ratten 
de differentiatie van osteoclasten onder invloed van orthodontische 
tandverplaatsing sneller verliep dan in volwassen dieren. Hierdoor kan de 
initiële vertraging in de tandverplaatsing bij volwassen dieren en ook bij 
volwassen patiënten worden verklaard.
Hoofdstuk 7 beschrijft een klinisch onderzoek waarin het voorkomen 
van de cytokines PGE2, IL-6 en MG-CSF in de creviculaire vloeistof tijdens de 
initiële tandverplaatsing bij juveniele en volwassen patiënten wordt vergeleken. 
43 Jonge en 41 volwassen patiënten namen deel aan dit onderzoek. In elke 
patiënt werd een van de laterale incisieven naar labiaal getipt, terwijl de 
andere laterale incisief als controle diende. Voordat de apparatuur werd 
geactiveerd (t0) en na 24 uur (t24) werden GCF-monsters genomen. De 
concentraties werden bepaald met behulp van radio-immunotechnieken (RIA). 
De concentratie PGE2 was zowel in jonge als in volwassen patiënten 
significant verhoogd na 24 uur, terwijl de concentraties van IL-6 en GM-CSF 
alleen in de jonge patiënten verhoogd waren. De totale hoeveelheid van alle 
drie mediatoren was significant verhoogd op t24 in beide groepen. Dit betekent 
dat gedurende de initiële tandverplaatsing de cytokines in jonge patiënten 
sneller reageerden dan in volwassenen, wat in overeenstemming is met de 
klinische bevinding dat initiële tandverplaatsing in jonge patiënten sneller is en 
zonder vertraging begint.
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Hoofdstuk 8 is de algemene discussie. De achtergrond voor het 
onderzoek wordt hierin beschouwd en de resultaten van de verschillende 
deelonderzoeken worden aan elkaar gerelateerd en geëxtrapoleerd. 
Suggesties worden gedaan voor "evidence-based” orthodontisch 
vervolgonderzoek, in het bijzonder op het gebied van de samenstelling van de 
creviculaire vloeistof tijdens orthodontische tandverplaatsing.
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